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ABSTRACT
The large volume of crude oil released into the Gulf of Mexico by the Deepwater Horizon
(DWH) accident has raised considerable concerns over potential ecosystem impacts. The
dispersion of harmful oil components into the ocean waters could pose long term risks to flora and
fauna. Due to the complexity of oil contaminated sites, the unambiguous identification and
quantitation of environmental pollutants often requires the sequence of high-performance liquid
chromatography (HPLC) and gas chromatography-mass spectrometry (GC-MS). A classic
example is the analysis of the sixteen polycyclic aromatic hydrocarbons included in the priority
pollutants list of the U.S. Environmental Protection Agency (EPA-PAHs).
This dissertation tackles a different aspect of environmental analysis as is focuses on the
photoluminescence spectroscopy of polycyclic aromatic sulfur heterocycles (PASHs). Since
considering the EPA-PAHs alone can lead to drastic underestimations of potential toxic effects of
oil spills, a strong case can be made for including hetero-aromatic compounds in risk assessments
of contaminated sites. PASHs exist in an even greater variety of chemical structures than PAHs
and, because of the asymmetry imposed by the heteroatom, the number of PASHs isomers is
usually large. The existence of numerous isomers of the same molecular weight increases the
difficulty of separation and identification by chromatographic methods.
This dissertation demonstrates the capability to differentiate individual PASHs isomers of MW
234 g mol-1 via vibrational spectroscopy at liquid nitrogen (77 K) and liquid helium (4.2K)
temperatures. Fluorescence and phosphorescence spectra are presented for isomer determination
at the parts-per-billion (ng. mL-1) concentration levels. It is demonstrated that the relatively long
phosphorescence decays of PASHs facilitate the time discrimination of strong fluorescence
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interference from PAHs and methylated-PAHs often present in Normal-Phase HPLC fractions.
The spectral and lifetime databases compiled in this dissertation have paved the road to explore
the full dimensionality of photoluminescence spectroscopy.
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CHAPTER 1.
1.1

INTRODUCTION

Polycyclic Aromatic Sulfur Heterocycles
Polycyclic aromatic sulfur heterocycles (PASHs) are compounds containing a sulfur atom

in an aromatic ring which are derivatives of thiophene. PASHs are based on a thiophene ring which
is connected with one or more aromatic rings. Conceptually PASHs can be derived from polycyclic
aromatic hydrocarbons (PAHs) by replacing one or more of the benzene rings with a thiophene
ring. The PASH with the lowest number of benzene rings is benzothiophene. This compound has
the same number of benzene rings as naphthalene.1
As the number of rings increases, the number of possible isomers with the same molecular
weight rises quickly.PASHs with one sulfur atom in their molecular structure are separated in
isomer groups containing three benzene rings (molecular mass 184 Da), four benzene rings (MM
208 and 234 Da), five benzene rings (MM 258 and 284 Da), six benzene rings (MM 282 and 334
Da) and seven benzene rings (MM 306, 332 and 384 Da).2 The molecular structures of these
PASHs are shown in figures 1.1 – 1.5.

1

Figure 1.1 Molecular structures of the three 184 Da and four-ring (MM208 and 234 Da) PASHs.

2

Figure 1.2 Molecular structures of five-ring PASHs 258 Da.

3

Figure 1.3 Molecular structures of five-ring PASHs 284 Da.

4

Figure 1.4 Molecular structures of six-ring PASHs (MM 282 and 334 Da).

5

Figure 1.5 Molecular structures of seven-ring PASHs (MM 306, 332 and 384 Da).
Similar to polycyclic aromatic hydrocarbons (PAHs), PASHs are formed either from petro
genic (fossil material) or pyrolytic sources. Their presence in the environment has been confirmed
in air particulate matter3,4, sediments5,6, coal liquids7, crude oils8-11, coal tars12-14, waste products15,
and other environmental samples16,17. Once released in the environment, PASHs can photo-react
in aqueous media and affect microbial metabolism18,19, bio-accumulate20 and, through
combustions reactions, form SO2 that contributes to the precipitation of acid rain.21
Since several PASHs have shown potential mutagenic and carcinogenic properties 22,23 the
European Union and the National Oceanic and Atmospheric Administration (NOAA) have
included a few representatives in their priority pollutants lists.24,25 Their molecular structures are
shown in Figures 1.6 and 1.7.

6

Figure 1.6 PASHs included in the priority pollutants list of the European Union.

Figure 1.7 PAHs included in the priority pollutants list of the National Oceanic and Atmospheric
Administration.
Current analytical methodology for the analysis of PASHs in environmental samples is
based on high-performance liquid chromatography (HPLC) coupled to ultraviolet – visible (UVVIS) absorption detection or room-temperature fluorescence (RFT) detection and gaschromatography with mass spectrometry detection (GC-MS).26-39 Since many PASHs present very
similar chromatographic behaviors under the same chromatographic conditions and the detection
schemes are not specific enough to resolve co-eluting PASHs, the unambiguous determination of
PASHs requires a combination of normal-phase (NP) and reversed-phase (RP) liquid

7

chromatographic (LC) steps prior to GC-MS analysis. In recent work, Wilson40,41 and co-workers
developed methodology for the analysis of PASHs and alkyl-PASHs in standard reference
materials (SRMs). The obtained results are summarized in Table 1-1.
Table 1.1 PASHs and alkyl-PASHs Analysis of Standard
Methodology.
Standard Reference Material
Description
SRM 1597a
Coal tar
SRM 1991
Coal tar/Petroleum extract
SRM 1597a
Diesel particulate extract

Reference Materials via NIST
Outcome
35 PASHs and 59 alkyl-PASHs
31 PASHs and 58 alkyl-PASHs
13 PASHs and 25 alkyl-PASHs

The schematic diagram of the developed methodology for the analysis of SRM 1597a is
presented in Figure 1.8. In addition to the presence of 35 PASHs and 59 alkyl-PASHs,
chromatographic analysis confirmed the presence of 154 PAHs and 165 methyl-PAHs. Due to the
complexity of the samples and the co-existence of numerous PAHs, the determination of PASHs
was best achieved with the combination of NP-LC retention times, GC retention times and mass
spectra. According to our literature search, these studies represent the most comprehensive
characterization of three combustion-related SRMs for PASHs and some alkyl-substituted (alkylPASHs) derivatives to date.
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Sample extract

NPLC with UV detection
Stationary phase = NH2 semi-prep column (Waters)
Mobile phase = n-hexane/DCM mixture (98/2 vol/vol)

GC-MS
SIM mode for the following m/z ions:
PAHs: 202, 228, 252, 278, 300, 302, 326, 328
CH3-PAHs: 180, 192, 216, 242, 266, 292
PASHs: 184, 208, 234, 258, 284
Alkyl-PASHs: 198, 212, 226, 248
Stationary phase = 50% phenyl stationary phase
Figure 1.8 Schematic diagram of NIST methodology for the analysis of SRM 1597a.
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CHAPTER 2.
2.1

PHOTOLUMINESCENCE SPECTRSCOPY

Excitation State Process
Photoluminescence spectroscopy is based on the detection of radiation of 200-700 nm

emitted during the deactivation of electronically excitation molecules.42-44 Under normal
condition, the orbitals of lowest energy of an organic molecule are occupied by pairs of elements
with Spain in opposite direction.45 Since most of the organic molecule have an even number of
valance electrons, the resulting electron spin is zero. Such a state, with no net spin, is called the
singlet state. The singlet state of lowest energy is known as the ground state, and it is represented
in the Jablonski diagram of Figure 2.1 by S. Each electronic state has several vibrational levels
which, under different condition, can represent the energy state of molecule. At room temperature,
most of the molecules are in the lowest vibrational level of S state.
Through the absorption of electromagnetic radiation(A), a molecule can pass from the
ground sate to an excited state of higher energy. This transition occurs in approximately 10 -15 s
and entails the promotion of an electron from the highest occupied orbital to a previously
unoccupied one. If the transition occurs with no change in the spin of the promoted of an electron,
the excited state will have two unpaired electrons with antiparallel spins and, therefore, net spin
equal to zero. An electronic state with these characteristics is known as a singlet excited state.
Figure 2.1, the first and the second singlet excited state are represented by S1 and S2, respectively.
If the transition involves a change in the electronic spin, the excited state will be characterized by
two unpaired electrons with parallel spins. In this case, the resultant spin is one, and the excited
state receives the name of triplet state.
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IC

Figure 2.1 Jablonski diagram. A is absorption, F is fluorescence, P is phosphorescence, VR is
vibrational relaxation, IC is internal conversion, and ISC is intersystem crossing.
.
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In Figure 2.1, the triplet state of lowest energy is symbolized by the T1 , while any other
triplet state of higher energy is represented by Tn.
When the energy of an absorbed photon is enough to excite a molecule to a state such as
S2, it usually releases the extra vibrational energy to reach the lowest vibrational level of the state.
This radiationless deactivation mechanism is known as vibrational relaxation(VR) and it is the
consequence of the energy transfer from the excited molecule to the surrounding medium in the
form of thermal energy. Vibrational relaxation involves vibrational level of the same electronic
state, and it is faster than any other electronic(on the order of 10-13 s or less).44,45
Through another radiationless processes called internal conversation(IC), the molecule
passes from the lowest vibrational level of S2 to the highest vibrational level of S1. This process is
the result of the transformation of exciting energy into vibrational-rotation energy46, and occurs
between electronic state of the same multiplicity47. The lowest vibrational level of S1 is then
reached through VR. If the molecule was initially excited to a higher excited state than S 2 , the
lowest vibrational level of S1 would be reached by succession of IC and VR processes. From the
lowest vibrational level of S1, the molecule has two ways of directly returning to the ground state.
Through IC, without the emission of radiation, or by the emission of a photon with no change in
the electronic spin. The latter process is responsible for the emission of fluorescence and occurs
from 10-9 to 10-6 s. The energy of the emitted photon corresponds to the energy gap between the
lowest vibrational level of S1, and the vibrational level of ground state. When the lowest
vibrational level of S1 overlap with a vibrational level of S, the excited state is deactivated by
nonradioactive relaxation and the emission of fluorescence dos not occur. It should be noted that
fluorescence can also occur from higher electronic states in rare occasions. Azulene and its
derivatives exhibit S2 → S0 fluorescence.
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When the emitted photon has the same energy as the one initially absorbed, the process is
termed resonance fluorescence. Most times , however, the energy loss in VR and IC result in the
emission of fluorescence at longer wavelengths than excitation wavelength, and resonance
fluorescence is not observed.
The remaining possibility to return to S from the lowest vibrational level of S1 begins with
a process called intersystem crossing (ISC). ISC is a radiationless mechanism involving systems
of different multiplicity and, therefore, it requires a change in the spin of the excited electron.45
Although this kind of transition has a much lower probability to occur than spin-allowed transitions
44,45

, the time scale of ISC (10-8-10-7 s) is often shorter than the fluorescence timescale (10-9-10-6 s)

and, therefore, it competes with fluorescence for the deactivation of S1. From S1, the molecule can
then pass to the excited triplet state manifold (Tn) and reach, by a succession of VR and IC
processes, the lowest vibrational level of T1. From T1, and through reverse ISC (ISC-1), the
molecule can revert back to the excited singlet manifold. Since the triplet states have lower energy
than the corresponding singlet states, the transition from T1 to S1 requires some additional
activation energy. This activation energy can be obtained either by a thermal process or by
interaction of two molecules in the triplet state to produce one molecule in the excited singlet
state.45,46 When the molecule returns to S by the emission of a photon, an identical spectrum to
the one of conventional fluorescence is obtained.45,46 This processes, which is not represented in
the diagram of Figure 2.1, receives the name of delayed fluorescence and has a lifetime of
approximately 10-8 s.
If reverse ISC does not occur, the excited molecule has three possibilities to return from T1
to S. Without the emission of radiation, through IC followed by VR, or through the emission of
radiation in processes called phosphorescence (P). The emission of phosphorescence involves
13

states of different multiplicity and, as a consequence, has a longer lifetime (10-3 s to 10 s) than
fluorescence. Since the energy gap between T1 and S is usually smaller than the one between S1
and S, phosphorescence occurs in a region of lower energy (longer wavelength) than fluorescence.
The detection of fluorescence and phosphorescence are the bases of photoluminescence
techniques currently applied to the analysis of organic compounds in environmental samples.
Photoluminescence compounds usually consist of molecules with extensive  electron systems.
These include a large variety of aromatic molecules either with or without hetero-atoms in their
conjugated systems.42-45 The free movement of  electrons throughout the delocalized molecule
orbitals facilitates the electronic transitions responsible for the emission of fluorescence and
phosphorescence. Aliphatic molecule, on other hand, rarely exhibit fluorescence or
phosphorescence since the high energy required for - transitions usually causes decomposition
prior to excitation.42-45
For molecule with no heteroatoms in the aromatic system, transitions frequently involve
the promotion of an electron from a bonding  orbital to an antibonding  orbital (- transition).
For molecules with heteroatoms in the aromatic ring, the presence of heteroatoms with nonbonding
electrons favor the intersystem crossing between the singlet and the triplet state. This is a
phenomenon called spin-orbit coupling interaction. The orbital motion of the electron involves a
magnetic field that interacts with its spin magnetic momentum changing the direction of the
electronic spin.43-45 As a consequence of the enhancement of the singlet-triplet ISC rate, this
phenomenon might lead to the observation of phosphorescence.48
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2.2

Quantum Yield
The intensities of fluorescence and phosphorescence depend on the relative competition

between radiative and nonradiative paths of deactivation of excited states. The fluorescence
quantum efficiency and the phosphorescence quantum efficiency are also known as the
fluorescence quantum yield (F) and the phosphorescence quantum yield (P), respectively.
Quantum yields express the fractions of the absorbed photons that are converted to emitted photons
either as fluorescence (F) or phosphorescence (P). If each absorbed photon produces one emitted
photon, the quantum yield reaches its maximum value (unity). Most times, however, there are
several deactivation processes that compete with the emission of photons and result in a quantum
yield value lower than one (0 ≤ ≤
Figure 2.2 correlates the Jablonski diagram to the rate constants of radiative and nonradiate processes involved in the emission of fluorescence and phosphorescence. According to the
diagram in Figure 2.2, the fluorescence quantum yield can be expressed as follows:
F = kF / kF + kSNR

(1)

If kSNR >> kF, S1 is deactivated by nonradiative processes, F is small and the detection of
fluorescence is challenging. Fluorescence emission is only observed if kF ≥ kSNR. The non-radiative
deactivation constant of S1 can be better understood as the combination of following three nonradiative deactivation constants:
kSNR= kEC + kIC + kISC

(2)

Where kEC, kIC and kISC are the first-order rate constants for external conversion, internal
conversion (S1 →S0) and intersystem crossing (S1 →T1), respectively. The magnitude of these
constants is highly dependent on the structure and environment of the molecule. For organic
molecules at room-temperature, kIC typically varies from 105 to 107 photons.s-1. In organic systems
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with high atomic number atoms such as S, spin-orbital coupling constants are greater and kISC is
typically 109 to 1010 photons.s-1.

Figure 2.2 Jablonski diagram in term of rate constant rate constants (k = photons. s-1) for radiative
and non-radiate processes involved in the emission of fluorescence and phosphorescence:
kF = fluorescence; kISC = intersystem crossing; kSNR = non-radiative deactivation of S1;
kTNR = non-radiative deactivation of T1; kP = phosphorescence.
The phosphorescence quantum yield can be expressed as follows:
P = (kISC / kF + kIC + kEC) (kP / kP + kTNR)

(3)

Form this equation, P can be seen as the product of two factors, the fraction of absorbed photons
that produce triplet state and the fraction of triplet state molecules that emit phosphorescence. The
fraction of absorbed photons that produce triplet state is also known as the quantum efficiency of
triplet formation (ISC).
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The emission of phosphorescence is favored for molecules and environmental conditions
that favor ISC; i.e. kISC  kF + kEC + kIC. If kISC > kF, phosphorescence is favored over fluorescence.
An efficient intersystem crossing process does not guarantee the emission of phosphorescence.
Phosphorescence is usually not observed because kTNR > kP. The non-radiative decay of T1 is due
to external conversion and intersystem crossing from T1 to S0, i.e.:
kTNR= kEC + kISC

(4)

Where kEC and kISC are the first-order constants of these two processes, respectively. In most cases
kEC >> kISC, so phosphorescence is usually observed only if kEC is significantly reduced by cooling
the sample to liquid nitrogen temperatures (77K) or below.
The enhancement of P due to cooling might also result from the reduction of dynamic
quenching of S1. Dynamic quenching or collisional quenching requires contact between the excited
molecule and the quenching species (Q). The rate of quenching is diffusion controlled and depends
on the temperature and viscosity of the solution. If external conversion is controlled by collisions
with a single quencher, the external conversion rate constant is given by:
kEC = kq[Q]

(5)

Where kq is the second order rate constant in L mol-1 s-1 for the quenching reaction and selfquenching is assumed to be negligible.
2.3

Luminescence Lifetimes
If the excitation source is turned off instantaneously, the fluorescence and the phosphorescence

signals decay exponentially as a function of time. The luminescence (fluorescence or
phosphorescence) lifetime of a compound is defined as the time required for the emission to
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decrease 1/e of its original intensity.42,45 If IL (t) is the fluorescence or phosphorescence intensity
at time t and I0 is the intensity at t = 0, L will be given by:
IL (t) = I0 exp(-t/L)

(6)

There is a difference between observed lifetime (L) and intrinsic natural lifetime (L) of the
compound. Observed lifetimes are those obtained under a set of experimental conditions such as
solvent, temperature, environment, and physical state of the sample matrix. Observed lifetimes for
fluorescence (F) and phosphorescence (P) are related to the constants for the deactivation of the
S1 and T1 states as follows:
F = 1/ kF + kSNR

(7)

P = 1 / kP + kTNR

(8)

Those experimental parameters affect the radiationless processes competing with fluorescence and
phosphorescence for the deactivation of S1 and T1, and determine, to some extent, the value of F
and P.
2.4

Quantitative Analysis Based on Fluorescence and Phosphorescence
For optically homogeneous and perfectly transparent solutions as the ones frequently tested

in photoluminescence measurements, the intensity of luminescence (fluorescence or
phosphorescence) emission (IL) is related to the intensity of the excitation light (I) by the
following equation.42,45
IL = L (I -IT)

(9)

Where IL is the intensity of the transmitted light. For transparent media, IT can be obtained from
the Lambert Law, which is given by:
IT = I 10-cb

( 10 )
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Where  the molar absorptivity, c is is the analyte concentration, and b is the thickness of the
sample. The previous equation can be re-written as
IL = I L (1-10-cb)

( 11 )

This expression can be expanded in a Taylor series to yield

IL = 2ɸL Iᴏ [2.303ɛcb -

(2.303ɛ𝑐𝑏)2
2!

+ ⋯]

( 12 )

For very dilute solutions, cb 1 and all but the first term in the series expansion can be
dropped. The resultant expression is:

IL = 2.303 L I bc
which shows the direct proportionality between IL and c.
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( 13 )

CHAPTER 3.
3.1

SHPOL’SKII SPECTROSCOPY

Background
Shpol’skii Spectroscopy is a technique based on observations reported by Shpol’skii and

co-authors in 1952, where quasi-linear spectra were observed for dilute solutions of planar
aromatic hydrocarbons, e.g., polycyclic aromatic hydrocarbons (PAHs), in an n-alkane solvent49.
This has been coined the “Shpol’skii effect.” In general, the three conditions that need to be met
for observing the Shpol’skii effect are (1) solvent host freezes to a polycrystalline matrix, (2)
solute-solvent interactions are weak, and (3) molecular structures of the guest and host
dimensionally match.50 These conditions serve to minimize both electron-phonon coupling, and
the number of possible crystallographic sites the analyte guest resides in. Optimum spectral
narrowing is typically obtained with an n-alkane, in which the length most closely matches the
largest dimension of the PAH molecular structure51. Examples of guest-host pairs suitable for
collecting Shpol’skii spectra of the guest are shown in Figure 3.1. The Shpol’skii effect is generally
considered a non-equilibrium effect, where the solute is supersaturated within substitutional sites
in the solid matrix51, and best results are typically achieved when samples are rapidly cooled. Slowcooling may result in aggregation of solutes due to poor solubility at low temperatures resulting in
−1

broad spectra.51-53 While narrowing is observed at 77 K (FWHM of 10–30 cm ), narrowing is
optimal at temperatures below 20 K (FWHM of 1–10 cm
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−1

at 4.2 K)54.

Figure 3.1 Selection of PAH–n-alkane pairs for collecting Shpol’skii spectra of the sixteen PAHs
included in the priority pollutants list of the US Environmental Protection Agency (EPA).

Apart from possible instrumental contributions, the spectral line-width in condensed- phase
electronic spectra is determined by inhomogeneous and homogeneous broadening effects.
Inhomogeneous broadening is related to the fact that in a sample we are usually studying a large
ensemble of molecules that although chemically identical may still show slightly different spectra.
That is mainly the result of differences in the structure of the solvation shell surrounding the
chromophore molecules: each individual molecule will experience a slightly different interaction
with the solvent, resulting in a Gaussian distribution of transition energies (as illustrated in Figure
3.2a). In flexible molecules the occurrence of different conformations may also play a role.
However, when solute molecules adopt the same conformation and experience exactly the same
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environment, like in a theoretically perfect crystalline matrix, their transition energies would
coincide exactly, as in Figure 3.2b.

Figure 3.2 Cartoon illustrating analyte molecules in an amorphous and crystalline matrix and the
resulting spectral bandwidth.
In practice, the inhomogeneous broadening can be strongly reduced but not completely
removed. Typical bandwidths in Shpol’skii experiments carried out in n-alkane matrices at
-1

temperatures of 20 K or lower are 1-3 cm . That is sufficient to obtain vibrational resolved spectra,
but in low-temperature single-molecule experiments thousand-fold narrower transitions have been
observed55.Homogeneous broadening factors affect each individual molecule to the same extent.
In condensed-phase spectroscopy it originates mostly from electron-phonon interactions. A
phonon is a quantized lattice vibration of the matrix. During an electronic transition one or several
lattice vibrations can be simultaneously excited.
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The homogeneous spectrum will therefore consist of a superposition of a narrow zerophonon line (ZPL) and a broad phonon side band or phonon wing (PW) as can be seen in Figure
3.3. In emission the PW appears as a broad continuum at the low-energy side of the ZPL and in
absorption at the high-energy side. In a low-temperature environment this phonon sideband is often
well distinguishable from the ZPL, as shown in Figure3.3. For most applications one would like
to obtain strong ZPLs, which means that the temperature should be as low as practically possible
and solute-matrix interactions should be weak. Both requirements are usually met when working
under cryogenic conditions with non-polar compounds in an n-alkane matrix, but other solutematrix combinations have also shown Shpol’skii-type spectral narrowing56. The intensity I of the
profile in 3 may be described in the form:
I (V, T) = I ZPL (V, T) +IPW (V, T)

( 14 )

The relative intensity of the ZPL can be characterized by the Debye-Waller factor α(T),
α (T)=𝐼

𝐼𝑍𝑃𝐿
𝑍𝑃𝐿 +𝐼𝑃𝑊

= exp[-S(T)]

( 15 )

where S, the so-called Huang-Rhys parameter, is a dimensionless quantity that indicates the
strength of the electron-phonon coupling as a function of temperature56,57.
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Figure 3.3 Electron phonon coupling in emission. On the left side three of the many possible
phonons are shown, present in a number of overtones. The zero phonon transitions for all
phonons coincide, resulting in a sharp zero-phonon line (ZPL). The phonons and their
overtones do not overlap exactly and show up as a broad phonon side band (PSB), redshifted in emission. In practice, excitation into a PSB results in additional broad red shifted
emission from an inhomogeneous distribution of ZPLs.
Ultimately, the remaining source of homogeneous broadening is mainly determined by the
lifetimes of the different states involved in the transitions. The shorter the lifetime, the less precise
its energy and the broader the corresponding spectral lines will be. This so-called lifetime
broadening is a quantum mechanical effect related to Heisenberg’s uncertainty principle58, and is
defined as follows:

τ.δE ≈ ħ/2

( 16 )

where h is Planck’s constant, δE is the uncertainty in energy and τ is the lifetime of the state
involved. When higher excited states are involved, and vibrational relaxation and internal
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conversion are fast, the corresponding spectral broadening is readily observed. In contrast, from
relatively long-living states such as the first excited state S1 the broadening effect is often
negligible.55 Thus, the higher-energy transitions observed in Shpol’skii excitation or absorption
spectra tend to be broader than S0-S1 transitions.52
In order to obtain a Shpol’skii spectrum the solvent should form a poly-crystalline matrix
at low temperature. In practice, mostly n-alkane solvents are used. Finding the most appropriate
solvent is not always evident and may involve some trial and error. Secondly, the analyte should
fit well into this matrix. In this regard, the three-dimensional shape, polarity, rigidity and the
number of substituents of the fluorophore are very important. Ideally, the analyte molecule
displaces a distinct number of solvent molecules in the lattice and will only fit in a single, welldefined manner in the available space. In that case, the molecules will experience exactly the same
interaction with the crystalline matrix, which means that the S0-S1 energy differences will be
identical. However, sometimes there are two or several ways in which the molecule fits in the
matrix; the molecule is said to occupy different sites (see Figure 3.4). For each site the S0-S1
energy difference is likely to be different. As a result, a multiplet will appear in the spectrum, both
in absorption and emission and for every vibrionic transition. In other words, two or more identical
spectra are observed, but shifted over a small amount of energy. The intensity ratio, which reflects
the relative populations of each site, is constant for every multiplet. By using a tuneable laser, one
of these subpopulations can be selectively excited in the 0-0 transition or in a vibration of the first
excited state. Only this site will then appear in the emission spectrum.
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Figure 3.4 Cartoon illustrating the correlation that exists between molecules of the same analyte
fitting different sites in the crystallographic matrix and their respective 0-0 transition peaks. The
relative line intensities in the spectrum reflect the respective populations in each crystallographic
site.
A laser is not strictly needed to obtain high resolution spectra in Shpol’skii spectroscopy.
Literature reports show that high quality Shpol’skii spectra can be recorded with a standard
spectrofluorimeter equipped with a broad-band, continuous wave xenon arc lamp.59,60 The main
pre-requisite in Shpol’skii spectroscopy is that the solvent forms a regular poly-crystalline matrix
upon cooling. In the ideal situation the analyte molecule displaces a distinct number of solvent
molecules in a lattice and fits in a well-defined manner in the available space thus provided. Under
excellent host-guest compatibility conditions, all solute molecules experience the same
interactions with the environment and the broadening due to matrix inhomogeneity is reduced to
-1

about 1cm . In the absence of instrumental contributions, that is often also the total spectral
bandwidth observed which as shown in Figure 3.5 it results in vibrational spectral information for
“fingerprint” compound identification.
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Figure 3.5 Jablonski diagram illustrating the concept of Shpol'skii spectroscopy (A) and the
resulting spectrum (B) only five vibrations are shown; in the absence of reorientation
during the fluorescence lifetime.
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Significant extra broadening can be observed if one of the states involved in excitation or
emission has a lifetime shorter than approximately one picosecond. The origin of this so-called
lifetime broadening is the time-energy uncertainty relationship, i.e. when the time of the transition
can be determined accurately its energy cannot and vice versa. From the broadened spectral lines
the lifetime can be calculated according to the following equation:

τ=

1

( 17 )

2.𝜋.∆𝑉.𝐶

-1

where τ is the lifetime of the short-living state, Δυ the homogeneous broadening (in cm ) and c
the speed of light (in cm/s). Usually, in Shpol’skii spectroscopy these effects are only observed in
excitation when higher electronic states (S2, S1, ...) are involved, since subsequent vibrational
relaxation and/or internal conversion is fast. As a result, the bands observed in the excitation and/or
absorption spectrum tend to be broader at shorter wavelengths.52,61 That is the main reason
selective excitation is bets accomplished within the S1 band. The application of the Shpol’skii
spectroscopy technique was applied to determined polycyclic aromatic hydrocarbons (PAHs) in
an environmental samples.
3.2

Previous Work in Campiglia’s Lab Research Group
Shpol'skii spectrometry has long been recognized for its capability in providing efficient

and adequate resolution of PAHs at the concentration ratios found in environmental samples.56
Several reasons had hampered the widespread use of Shpol’skii spectroscopy in routine bases.
These include inconvenient sample freezing procedures, questions about signal reproducibility for
calibration purposes, lack of reference databases, and most importantly, lack of selectivity for the
analysis of highly complex environmental extracts. Our research has introduced significant
advances on all fronts.
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Most of the analytical work involving Shpol'skii spectroscopy had been focused on
fluorescence data. Extensive fluorescence spectral atlases were compiled so that reference spectra
of a wide range of PAHs were available for qualitative analysis.62,63 In cases of strong fluorescence
spectral overlapping, time-resolution of fluorescence background had shown to improve the
selectivity of the technique.64 However, information on fluorescence lifetimes was still scarce and
incomplete. Similarly, phosphorescence spectra and lifetime information was practically
inexistent.
Our research has unfolded the full analytical potential of Shpol'skii spectroscopy proposing
a significant selectivity enhancement based on information rich multidimensional data formats
including both fluorescence and phosphorescence. The new experimental and instrumentation
allows rapid, simple and reproducible analysis at 77 K and 4.2 K based on wavelength time
matrices (WTMs) and time-resolved excitation-emission matrices (TREEMs). The raw data of
such formats provides numerous qualitative parameters in the wavelength and time domains.
3.2.1 Cryogenic Fiber-Optic Probe
The classic sample preparation procedure for 77 K measurements consists of immersing a
solution-filled small-diameter tube into an optical Dewar filled with liquid nitrogen. The fragility
of the Dewar flask, bubbling in the cryogen at irregular intervals from small ice particles that act
as nucleation sites, and condensation on the outside of the Dewar are nuisances. But scattering at
each of the interfaces encountered by the excitation light on its way to the sample is a much more
severe problem, as stray light in the emission monochromator degrades the reproducibility of
measurements and the limits of detection (LODs). The classic approach typically involves three
air/glass interfaces, two liquid nitrogen/glass interfaces, and one matrix/glass interface. The
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number of scattering interfaces can be reduced with closed-cycle refrigerators or Joule-Thomson
miniature refrigerators that employ contact cooling or cold vapor directed onto the sample cell.
Trade-offs includes higher cost, reduced sample throughput, and possibly less efficient or slower
cooling of the sample. Depending on the cooling device and final temperature, and sample size
and solvent, freezing times can take between 40 and 100 min per sample. The constancy of the
freezing rate is a concern, because it can affect the population distribution in the various sites and
the corresponding signal intensity for a given set of excitation and emission wavelengths.
Several attempts have been made to improve closed-cycle helium refrigerators. Ariese and
co-workers56 developed a user friendly closed-cycle refrigerator that enables the simultaneous
cooling of four 10 μL samples placed in a gold-plated copper holder surrounded with sapphire
windows. The high thermal conductivity of the sample holder material provides fast sample
cooling for good quality Shpol’skii spectra.
We use fiber optic probes for cryogenic measurements at both 77 K and 4.2 K.50-65, 66 Our
probes are similar to the one reported by Hieftje and co-workers67 for phosphorescence
measurements at 77 K. Hieftje’s probe consisted of one excitation and six emission fibers bundled
in a quartz tube with the opposite end connected to a plastic sample vial. Sample excitation and
emission collection was made thru a quartz window placed between the quartz tube and the sample
vial. Our probes retain the simplicity of “dunking” the sample into the liquid cryogen for fast and
reproducible freezing but eliminate all interfaces that could scatter excitation light into the
detection system. Figure 3.6 shows an example of a probe for cryogenic measurements at 4.2 K.
At the sample end, the fibers are epoxied in a six-around-one configuration with the delivery fiber
in the center. At the collection end, the excitation and collection fibers are separated and vertically
aligned with the spectrograph entrance slit. After the sample is introduced into the sample tube,
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the tip of the probe is positioned above the solution surface as the sample tube is lowered into a
container filled with liquid cryogen. The cell is allowed to cool for 90 s prior to luminescence
measurements to ensure complete sample freezing. Because there is no physical contact between
the fiber and the sample, fiber clean up between samples is not necessary. Preparing frozen samples
for luminescence measurements at 77 K and 4.2 K is now a routine technique. Samples are frozen
in a matter of seconds.

Figure 3.6 Fiber optic probe (FOP) for 4.2Klaser-induced fluorescence spectrometry.
3.2.2 Instrumentation for Multidimensional Luminescence Spectroscopy (MLS)
Pulsed excitation sources offer prospects for time-resolving the emission to improve signalto-background ratios and reduce spectral interference. Early reports on laser excited Shpol'skii
spectrometry implemented time resolution at fixed delay time intervals by using laboratoryconstructed gated integrators or commercial boxcar averagers.68-71More recently, advantage has
been taken of commercially available delay generators and intensified linear photodiode
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arrays.65Multi-channel detectors can acquire emission spectra at good signal-to- noise much faster
than is possible with a scanning monochromator. Collecting the entire emission spectrum at once
avoids problems associated with pulse-to-pulse fluctuation, laser intensity drift, and
photodecomposition that could degrade analytical figures of merit.
Our group has shown that the combination of a pulsed tunable dye laser, a pulsed delay
generator, a spectrograph, and an intensifier-charged coupled device (ICCD) is well suited for the
rapid collection of WTMs, excitation-emission matrices (EEMs) and TREEMs in both the
fluorescence and the phosphorescence time domains72. Since recording absorption and excitation
spectra is essential for selecting appropriate excitation wavelengths, our improvements have also
included low-temperature excitation and absorption measurements.61
Figure 3.7 shows a schematic diagram of the instrumental set-up mounted in our lab. As
an excitation source, we have used a compact frequency doubled pulsed tunable dye laser whose
bandwidth (< 0.03 nm) is well matched for selective excitation of narrow Shpol'skii excitation
spectra. The ICCD is coupled to a spectrograph to rapidly collect a series of emission spectra at
different delay times between the laser firing and the opening of the gate on the ICCD. The
integration of the mechanical shutter in the path of the dye laser excitation beam facilitates the
collection of multidimensional data in the phosphorescence time domain. Fluorescence
measurements are made with the mechanical shutter in the open position. Time resolution is
achieved with the intensifier in front of the ICCD, which acts as a superfast shutter with a minimum
gate of 2 ns (full width at half-maximum). Once triggered by the laser, the pulse delay generator
uses this information to determine when the image intensifier in the detector head is gated on (gate
delay, D) and for how long it is gated on (gate width, G).
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Depending on the strength and the duration of the phosphorescence emission, spectra are
collected by one of two procedures. For compounds that generate enough phosphorescence
photons per laser pulse and have relatively short lifetimes (less than 40 ms), the use of the
mechanical shutter is not necessary. The sequence of events is the same as the one used for
collecting fluorescence spectra, but the delay and gate times are set at a much longer time scale.
The mechanical shutter is useful for PAHs that exhibit weak phosphorescence intensity and
relatively long phosphorescence lifetimes. The pulse delay generator controls the timing for both
the shutter and the intensifier on the ICCD. During the excitation cycle, the pulse generator is
triggered by the laser to set the shutter to the open position for a certain number of pulses. During
the emission cycle, the shutter is closed and the phosphorescence decay is recorded. The closing
of the shutter sets the “zero reference time” for the delay time and the gate time on the ICCD. This
method allows one to build up the triplet-state population to an acceptable signal-to-noise ratio.

Figure 3.7 Instrumentation for multidimensional luminescence spectroscopy. FOP: fiber optic
probe. ICCD: intensified charge coupled device. Fluorescence measurements are
performed with the shutter in the open position. The shutter facilitates acquisition of
phosphorescence spectra and phosphorescence lifetimes.
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Figure 3. 8 shows the 4.2 K spectrum recorded with the FOP and the MLS for a single site
PAH/n-alkane system. The ability to collect accurate spectra from a multiple-site system is
illustrated is illustrated in Figure 3.9 Upon fast cooling, benzo[a]pyrene (B[a]P) occupies four
crystallographic sites that yield four distinct fluorescence spectra slightly shifted by small
wavelength differences. The maximum wavelengths of the quartet emissions from the 0-0
transitions appear at 402.3, 402.7, 403.1 and 403.8 nm.

Figure 3.8 4.2 K fluorescence spectrum of 1 g/mL naphthalene in n-pentane recorded with the
FOP and MLS system. Excitation wavelength was 288.1 nm. Delay and gate times were
50 ns and 200 ns, respectively. Spectrograph entrance slit = 25 m. Spectrum represents
the sum of 100 laser shots. IF=fluorescence intensity in counts.
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Figure 3.9 4.2 K fluorescence spectrum of 0.2 g/ml B[a] P in n-heptane recorded with the FOP
and the MLS system. Excitation wavelength = 366.0 nm. Delay and gate times are 20 ns
and 200 ns, respectively. Spectrograph entrance slit = 25 m. Spectrum represents the sum
of 100 laser shots.
3.2.3 Wavelength time matrices (WTMs)
A WTM is obtained collected by recording a series of emission spectra at different delays
times between the laser firing and the opening of the gate on the ICCD. By setting the ICCD gate
step parameter, our instrument automatically increments the time interval between successive
emission scans so that the WTM is easily built up (see Figure 3.10). As previously mentioned,
B[a] P in n-heptane occupies four crystallographic sites with distinct maximum fluorescence
wavelengths. Each site provides a single exponential decay with a characteristic lifetime, namely
52.09 ± 0.93ns (402.31nm), 46.93 ± 0.49ns (402.72nm), 42.77 ± 0.89ns (403.15nm) and 41.29 ±
1.18ns (403.89nm). Fluorescence lifetimes are obtained from a WTM by plotting signal intensities
at maximum emission wavelengths as a function of time decay. Recording WTMs during the
fluorescence and/or phosphorescence decay of the sample provides an additional parameter
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(lifetime) for PAH identification. Unambiguous PAH determination is made possible on the basis
of spectral and lifetime information. Fluorescence or phosphorescence lifetimes also report on
spectral peak purity, i.e. an essential condition for the accurate quantitative determination of PAHs
in complex environmental matrixes.73-78

Figure 3.10 4.2 K WTM of 10 ng mL-1 B[a]P in n-heptane recorded with the MLS system.
Excitation wavelength was 366 nm. Delay and gate times were 20 ns and 200 ns, respectively.
Spectrograph entrance slit was 25 µm. Arrow shows the characteristic fluorescence peaks.
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3.2.4 Time-Resolved Excitation Emission Matrices (TREEMs)
Recording two-dimensional (2-D) fluorescence spectra – i.e. plots correlating fluorescence
intensities to emission wavelengths – from a mixture with numerous fluorescence components
only provides partial information on the total fluorescence of the sample. The emission profile of
a mixture with numerous fluorescence components varies with the relative position of the
excitation wavelength to the excitation maxima of the fluorophores in the mixture. Individual
fluorophore contributions to the total fluorescence spectrum of the sample also depend on the
fluorescence quantum yields of the fluorophores and possible quenching due to synergistic effects.
EEM gather all this information in a single data format to provide a true signature of the total
fluorescence of a multi-fluorophore mixture.
Most of the work on low- temperature EEM has been performed with high-resolution
spectrometers that built up fluorescence EEM with numerous repetitive scans.56 The main
drawbacks of this approach are the long EEM acquisition times, the need for relatively large
excitation and emission bandwidths and the inability to record phosphorescence EEM. The large
bandwidths, which are imposed by the low throughput of the high-resolution spectrometers, limit
the spectral resolution of the EEM and the selectivity of analysis. Due to additional instrumental
limitations, the third data dimension, i.e. decay time, doesn’t enter into conventional EEMs.
Our MLS system is well suited for rapid collection of low-temperature fluorescence and
phosphorescence EEM. Because of the spectrograph and the ICCD, both formats are collected in
short analysis time. The tunable dye laser provides intense excitation energy in a narrow excitation
bandwidth. Its scanning capability is essential to take full advantage of the specificity of vibrational
excitation spectra in Shpol’skii matrixes. Its intense excitation energy promotes strong PAH
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fluorescence to recording spectra with optimum spectrograph slits for maximum spectral
resolution.
TREEMs can be recorded as series of WTMs acquired at different excitation wavelengths.
The superposition of the WTMs produces a third order data that we name excitation-modulated
WTM (EMWTM).79 Figure 3.11A shows a representation of an EMWTM data format.
Alternatively, TREEMs can be recorded as series of EEMs acquired at different delay and gate
times after the excitation pulse. All the intensity values - as a function of excitation and emission
wavelengths - for a particular decay time are assembled into an EEM format specific for that decay
time. The superposition of EEMs produces a third-order data that we name time-resolved
excitation-emission cube (TREEC).80 A graphic illustration of a TREEC data format is shown in
Figure 3.11B.

Figure 3.11 Schematic representation of (A) an excitation-modulated WTM (EMWTM); (B) a
time-resolved excitation-emission cube (TREEC).

The spectral narrowing that is obtained by lowering the temperature to 4.2K is shown in
Figure 3.12 the effect of time resolution in the EEMs recorded at different delay times is shown in
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Figure 3.13. Processing TREEMs with second order multivariate calibration algorithms provides
an accurate solution to unpredictable spectral interference, a ubiquitous problem in samples of
unknown composition. Coupling high-order instrumental data such as TREEMs to multi-way
calibration algorithms permits the quantification of analytes in samples of unknown composition,
no matter how many signal-overlapping constituents the unknown sample contains. This is an
immensely useful property for the direct analysis – i.e. no chromatographic separation - of
polycyclic aromatic compounds in complex environmental matrixes. Pioneering work in our lab
combined parallel factor analysis (PARAFAC) to 4.2K phosphorescence EMWTMs for the direct
determination of 2,3,7,8-tetrachloro-dibenzo-para-dioxin in API water80 4.2K fluorescence
TREECs for the analysis of the 15 EPA-PAHs in soil samples79; and 4.2K fluorescence EEMs for
the analysis of the 5 dibenzopyrene isomers in a coal tar sample extract (SRM 1597a).81

Figure 3.12 Effect of temperature on TREEMs. TREEM of 1.0 g/ml benzo[k]fluoranthene
(B[k]F) and 0.1 g/ml B[a]P in n-octane recorded at (A) room temperature, (B) 77 K,
and (C) 4.2 K. Delay and gate times are 10 ns and 200 ns, respectively. Side spectra
are emission spectra using excitation wavelength of 286.0 nm.
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Figure 3.13 4.2 K Time-resolved excitation-emission matrices of 1.0 g/ml
benzo[k]fluoranthene (B[k]F) and 0.1 g/ml B[a]P in n-octane. Gate time is 200 ns
with delay times of (A) 10 ns, (B) 22 ns, (C) 34 ns, and (D) 46 ns. Spectrograph
entrance slit = 25 m.  = fluorescence lifetime.
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CHAPTER 4. SPECTRAL SURVEY OF THREE-RING AND FOURRING PASHs
4.1. Introduction
According to our literature search, only a few articles exist on the spectral characteristics
of PASHs in Shpol’skii matrixes82-84 Colmsjö and co-workers82, 83 reported quasi-line Shpol’skii
spectra from pericondensed thiophenes at 63K. With the aid of a commercial spectrofluorimeter,
the authors82,

83

observed that the resolution of 63K fluorescence spectra recorded from

pericondensed thiophenes was of the same quality, or even better, than those observed from their
parent PAHs. All studies were done in n-hexane. Some of the studied PASHs also showed quasiline phosphorescence spectra at 63K. Their molecular structures are shown in Figure 4.1.
Although general conclusions were difficult to make with the small number of studied PASHs, it
was noted that if the parent PAH exhibited a well-resolved phosphorescence spectrum, the
corresponding PASH should be expected to do the same.82,83 In the case of 7,8epithiobenzo[ghi]perylene, however, a well resolved phosphorescence spectrum was recorded
even though the parent PAH (benzo[ghi]perylene) did not show phosphorescence emission under
the same experimental conditions. HPLC fractions of a carbon black sample were interrogated via
Fluorescence Spectroscopy at 63K. All the collected fractions showed quasi-line fluorescence
spectra in n-hexane. On the bases of their fluorescence spectra, tentative assignments were made
for 7,8-epithiobenzo[ghi]perylene(S-B(ghi)) (fraction 17), 10,11-epithiobenzo[a]pyrene (S-B(a)P)
(fraction 15), 1,12-epithiobenzo[e]pyrene (S-B(e)P) (fraction 12) and 1,12-epithiotriphenylene(STri) (fraction 7). Their presence in the chromatographic fractions was later confirmed via nonpolar GC analysis.

41

Figure 4.1 Molecular structures of pericondensed thiophenes with quasi-line phosphorescence
spectra at 63K in n-hexane. Molecular structures of pericondensed thiophenes with quasiline phosphorescence spectra at 63K in n-hexane.
The direct analysis of PASHs, i.e. no chromatographic separation, via Shpol’skii
Spectroscopy in complex environmental extracts was reported by ElSaiid and coworkers85.Selective excitation was achieved with a narrow band tunable dye laser. Fluorescence
and phosphorescence spectra were recorded at 15K with the aid of a closed cycle helium
refrigerator using a 0.64 m spectrometer coupled to a photodiode array and a photomultiplier tube
for single-channel and multichannel detection, respectively. The targeted compounds included
isomers from the C18H10S and C16H10S groups. Their molecular structures are shown in Figure 4.2.

42

Figure 4.2 Molecular structures of C18H10S and C16H10S isomers analyzed via Laser-Excited
Shpol’skii Spectroscopy (LESS) in refined coal, petroleum crude oil and carbon black
sample extracts85 C18H10S isomers: benzo[2,3]phenanthro[4,5-bcd]thiophene (or 1,12epithiobenzo[a]anthracene) and chryseno[4,5-bcd]thiophene (or 4,5-epithiochrysene);
C16H10S isomers: benzo[b]naphtho[1,2-d]thiophene, benzo[b]naphtho[2,1-d]thiophene,
and benzo[b]naphtho[2,3-d]thiophene. F= Fluorescence; P = Phosphorescence; SF =
Fluorescence under site-selective excitation; SP = Phosphorescence under site-selective
excitation.

The successful determination of C18H10S and C16H10S isomers of in refined coal, petroleum
crude oil and carbon black sample extracts without previous chromatographic separation
demonstrated the analytical potential of Laser-Excited Shpol’skii Spectroscopy (LESS).
According to ElSaiid and co-workers85 the advantages of LESS included the following: (1) high
selectivity for isomeric compound determination due to quasilinear absorption (1-10cm-1 FWHM)
together with quasilinear fluorescence and phosphorescence spectra; (2) direct analysis of complex
matrixes with minimum pre-treatment or fractionation steps; (3) high sensitivity due to the
combination of narrow absorption bands and the narrow-band, high spectral irradiance of the laser
excitation source. Since the excitation source for LESS was a continuous wave (CW) laser and the
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detection system did not have gating capabilities, ElSaiid and co-workers85 were not able the
explore the potential of time-resolved spectroscopy.
Our overall goal, therefore, is to enhance the selectivity of PASHs analysis by adding the
temporal dimension to vibrational spectra recorded in the fluorescence and phosphorescence time
domains. Unfortunately, the malfunction of our MLS system (see Figure 3.7) prevented us from
exploring the multidimensionality of photoluminescence spectroscopy within the time period of
these studies.
Similar to all photoluminescence techniques, the analysis of PASHs via LETRSS will
require the existence of reference databases with excitation, fluorescence and phosphorescence
spectra. Spectral databases were then compiled in our lab with the aid of a commercial
spectrofluorimeter. 77K and 4.2K spectra were recorded by coupling the FOP (see Figure 3.6) to
the sample compartment of the spectrofluorimeter86,81 Off-setting the simplicity of spectral
acquisition, the main drawbacks of recording vibrational spectra with commercial
spectrofluorimeters include long acquisition times, the need for relatively large excitation and
emission bandwidths and the inability to record emission spectra under site-selective excitation.
The large bandwidths, which are imposed by the low throughput of the excitation and emission
monochromators, limit the spectral resolution and the selectivity of analysis. Nevertheless, the
spectral databases compiled in these studies pave the road to the straightforward application of
LETRSS to the analysis of complex environmental matrixes. Since our spectrofluorimeter is
equipped with a continuous excitation source for steady-state spectroscopy, and a pulsed excitation
source and gated detection capabilities for time-resolved spectroscopy in the milliseconds-seconds
time domain, the acquired databases include steady-state fluorescence and phosphorescence
spectra, time-resolved phosphorescence spectra and phosphorescence lifetimes.
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4.2. Experimental
4.2.1. Chemicals and Materials
All chemicals were analytical-reagent grade and used without further purification. HPLC
grade n-heptane and n-octane were acquired from Acros Organics. HPLC grade n-nonane was
acquired from Sigma-Aldrich. Anthra[1,2-b] thiophene, Anthra[2,1-b] thiophene, Anthra[3,2-b]
thiophene,

Benzo[b]naphtho[1,2-b]

thiophene,

Benzo[b]naphtho[2,1-b]

thiophene,

Benzo[b]naphtho[2,3-b] thiophene, Phenanthro[1,2-b] thiophene, Phenanthro[2,1-b] thiophene,
Phenanthro[2,3-b]

thiophene,

Phenanthro[3,2-b]

thiophene,

Phenanthro[3,4-b]thiophene,

Phenanthro[4,3-b]thiophene, Phenanthro[9,10-b]thiophene were obtained from National Institute
of Standards and Technology(NIST) and used as received. The standard for instrumental
performance was purchased from Photon Technology International (PTI). It consists of a single
crystal of dysprosium-activated yttrium aluminum garnet mounted in a cuvette-sized holder with
well-characterized quasi-line excitation and emission spectra.
4.2.2. Preparation of Stock Solutions
Stock solutions of PASHs were prepared by dissolving pure standards in an appropriate solvent
and kept in the dark at 4°C. PASHs working solutions were prepared using serial dilution of stock
solutions prior to data collection. Possible PASHs degradation was monitored via roomtemperature fluorescence spectroscopy.
4.2.3. Instrumentation
Fluorescence and phosphorescence measurements were carried out with a FluoroMax – P
(Horiba Jobin-Yvon) equipped with a continuous xenon arc source for fluorescence measurements
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and a pulsed xenon arc source for phosphorescence measurements. The flash rate range of the
pulse source was 0.05 – 25 Hz. The duration of the pulse was 3s at full-width half maximum.
The 1200 grooves/mm gratings in the single excitation and emission monochromators were blazed
at 330 and 500 nm, respectively. Their reciprocal linear dispersion was equal to 4.25 nm/mm. The
uncooled photomultiplier tube (Hamamatsu, Model R928) detector was operated in the photoncounting mode. The gating circuitry for time-resolved measurements provided delays after the
flash ranging from 50s to 10 s (in increments of 1s) and sample windows (gate times) ranging
from 10s to 10s (in increments of 1s). Commercial software (DataMax version 2.20, Horiba
Jobin-Yvon) was used for automated scanning and fluorescence data acquisition.
Cryogenic FOPs were coupled to the sample compartment of the spectrofluorimeter with
the aid of a commercial fiber optic mount (F-3000, Horiba Jobin-Yvon) that optimized collection
efficiency via two concave mirrors. Position alignment of each end of the FOP with the respective
focusing mirror was facilitated by commercially available adapters (Horiba Jobin-Yvon).
4.2.4. Fiber Optic Probes
Figure 4.3 shows schematic diagrams of the FOPs investigated in these studies. All fibers
were 2 m long and 500 m core diameter, silica-clad silica with polyimide buffer coating
(Polymicro Technologies, Inc.). The fibers were fed into a 1.2 m long section of copper tubing that
provided mechanical support for lowering the probe into the liquid cryogen. At the sample end,
the fibers were arranged either in a six-around-one or an eight-around-two configuration with the
excitation fiber (s) in the center. At the instrument end, the emission fibers were positioned in a
slit configuration. At both ends, vacuum epoxy was used to hold the fibers in place, which were
then fed into metal sleeves for mechanical support and polished with a diamond rotating disk. At
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the sample end, the copper tubing was flared stopping a phenolic screw cap threaded for a 0.75
mL propylene sample vial.

Figure 4.3 Schematic diagrams of FOPs with six-around-one and eight-around-two
configurations.
4.2.5. Sample Procedures
All measurements with the PTI standard were performed at RT and in the dark by placing
the sample end of the FOP on the surface of the standard. Solution measurements were made as
follows: after micro-litter volumes (100 L) of un-degassed sample solution were pipetted into the
sample vial, the sample vial was secured to the sample end of the copper tubing, and the tip of the
FOP was positioned at a constant depth below the solution surface. Sample freezing was
accomplished by lowering the sample vial into the liquid cryogen. Liquid nitrogen and liquid
helium were held in two separate Dewar containers with 5- and 60 L storage capacity, respectively.
The 60 L liquid helium volume would typically last three weeks of daily use, averaging 15-20
samples per day. At both 77 and 4.2 K, complete sample freezing took less than 90 s. The ~ 1 min
probe clean up procedure involved removing the sample vial from the cryogen container, melting
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the frozen matrix and warming the resulting solution to approximately room temperature with a
heat gun, rinsing the probe with n-alkane, and drying it with warm air from the heat gun. The entire
freeze, thaw, and clean up cycle took less than 5 min.
4.3. Results and Discussion
We focused on the analysis of PASHs containing four benzene rings (MM 234 Da).
According to the parent PAH (see Figure4.4- 4.5), four-ring PASHs can be divided into three
groups, namely Anthra-thiophenes, Benzonaphtho-thiophenes and Phenanthro-thiophenes.

Figure 4.4 Parent PAHs of four-ring PASHs (Anthra-thiophenes and benzonaphtho-thiophenes).
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Figure 4.5 Parent PAHs of four-ring PASHs (Phenanthro-thiophenes).
The selection of a matching solvent for the Shpol’ski Spectroscopy of each PASH followed
the same criterion as the one often employed for parent PAHs. The molecular dimensions of
PASHs and n-alkanes were calculated at NIST using commercial modeling programs (PCModel and MMX, Serena Software, Bloomington).87 The best PASH/n-alkane matchings are
summarized in Table 4.1. All compounds were dissolved in the calculated n-alkanes and used
without further solvent optimization studies.
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Table 4.1 Shpol’skii solvents for spectral collection at room-temperature, 77K and 4.2K.

Preliminary studies with the original FOP (six-around-one configuration) revealed
unsatisfactory signal-to-background ratios for spectral collection. As a tentative means of
improving the signal-to-background ratio of our measurements, a new FOP was devised consisting
of two excitation fibers and eight emission fibers (eight-around-two configuration). The
performance of the two FOPs were then compared with the aid of a commercial standard (PTI
standard) often used in our lab for instrument calibration purposes and a PAH (chrysene) with
known spectral features at room-temperature (RT), 77K and 4.2K.
Figure 4.6 compares the excitation and emission spectra of the PTI standard recorded at
RT with the six-around-one (original FOP) and the eight-around-two (new FOP) configuration.
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Since both sets of spectra were recorded with the same excitation (2 nm) and emission (2 nm)
band-pass, the higher spectral intensity observed with the new FOP results from the eight-aroundtwo configuration. The average signal intensities and their corresponding standard deviations (N
= 3) are summarized in Table 4.2. The intensity ratios (INewFOP / IOriginalFOP) remained approximately
constant within the wavelength ranges of the experiments. The lowest (4.1 ± 0.07) and the highest
(5.7 ± 0.002) ratios were obtained at 327 and 296 nm, respectively.

Figure 4.6 Excitation and emission spectra of PTI standard recorded with the six-around-one
(original FOP) and the eight-around-two (new FOP) configuration. All spectra were
recorded at RT under steady-state conditions (CW lamp) using 2 nm excitation and
emission.
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Table 4.2 Comparison of Signal Intensities Recorded with the Original and the New FOP.
Original FOPa
New FOPb
𝛌ex (nm)
Signal Intensity(cps)
4,650±1.5
23,960±2
51,740±2.1
Original FOP

Signal Intensity(cps)
26,620±1.45
97,310±2.3
22,2650±5.2
New FOP

Signal Intensity(cps)
478
41,770±2.2
483
57,310±3.1
498
59,870±9.1
578
22,090±1.6
a
Original FOP = six-around-one configuration.
b
New FOP = eight-around-two configuration.
c
Average of triplicate measurements.

Signal Intensity(cps)
193,890±2.5
254,790±5.2
259,780 ±2.1
109,050±4.3

296
327
353
𝛌em (nm)

Figures 4.7 and 4.8 compare the 77K and the 4.2K excitation and fluorescence spectra of
chrysene recorded from standard solutions in n-octane using the original and the new FOP.
Chrysene concentrations were adjusted to fit within the linear dynamic ranges of the calibration
curves recorded with each probe at 77K and 4.2K. No attempts were made to optimize spectral
resolution, nor were the spectra corrected for instrumental response. Previous work in our lab with
the MLS system revealed three crystallographic sites for chrysene in n-octane with maximum
fluorescence wavelengths at 359.2nm, 359.6nm and 360.6nm. Since site-selective excitation was
not attempted, all the spectra in Figures 4.7 and 4.8 were recorded under multi-site excitation
conditions and compile the spectral contributions of the three crystallographic sites. Independent
of the sample temperature and the concentration of chrysene, the highest intensities were obtained
with the new FOP.
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Figure 4.7 Excitation and emission spectra of Chrysene in n-octane at 77K 500 ng mL-1, dash line
the new FOP, solid line original FOP.

Figure 4.8 Excitation and emission spectra of Chrysene n-octane at 4.2K 500 ng mL-1, dash line
the new FOP, solid line original FOP.
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Figure 4.9 compares the 4.2K spectral features of chrysene recorded with the original FOP
and the new FOP. Spectral intensities were normalized to facilitate the visual comparison of the
peak widths recorded with the two FOPs. The FWHM of the peaks are approximately the same for
the two probes. This fact confirms that the spectral resolution depends on the excitation and
emission band-pass of the spectrometer and that it is not affected by the number of excitation and
emission fibers of the probe. Based on these observation, the eight-around-two configuration was
adopted for all further experiments.

Figure 4.9 : 4.2K excitation and fluorescence spectra of 500 ng. mL-1 of chrysene in n-octane. Red
trace: original FOP; black trace: new FOP. Spectra were recorded under steady-state
conditions using a 2nm excitation and emission band-pass.
A spectral database of the 13 PASHs was first compiled under steady-state conditions (CW
lamp) at RT, 77K and 4.2K. All spectra were recorded under steady-state conditions using medium
linear concentrations for each compound. All spectra were recorded at the maximum excitation
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and emission wavelength of each compound. If necessary, cut off filters were used to remove the
contribution of 2nd order emission due to scattering of excitation radiation.
All the studied PASHs showed fluorescence emission at RT (see Appendix A). With the
exception of Phenanthro[2,1-b] thiophene in n-octane (A.8), all the other compounds showed
vibrational resolution in their excitation and emission profiles. The lack of vibrational features in
the RT spectra of Phenanthro[2,1-b] thiophene could be attributed to the 2nm excitation and
emission band-pass used for spectral acquisition. A narrower band-pass could have possibly
resolved the vibrational structure of Phenanthro[2,1-b] thiophene. Since the same band-pass was
used to record all the spectra in appendix A, the vibrational levels of Phenanthro[2,1-b] thiophene
in the excited (S1) and the ground (S0) energy states appear to be much closer in energy than the
vibrational levels of all the other PASHs.
No phosphorescence was observed from any of the studied compounds at RT. The long
lifetime of phosphorescence provides ample opportunity for collisional deactivation of the first
triplet state without the emission of radiation. No de-gassing was attempted to remove the presence
of oxygen from the sample. Oxygen is known to be a strong phosphorescence quencher in liquid
solutions at RT.88
All the studied PASHs showed fluorescence emission at 77K and 4.2K. Anthra-thiophenes
showed no phosphorescence emission at 77K and 4.2K. Benzonaphtho-thiophenes and
Phenanthro-thiophenes showed phosphorescence emission at 77K and 4.2K. All the spectra are
shown in Appendices B (77K) and C (4.2K). Vibrational structures are observed in all cases. Table
4.3 compares the maximum fluorescence and phosphorescence intensities of Benzonaphthothiophenes and Phenanthro-thiophenes at 77K and 4.2K. According to their relative intensities, the
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studied compounds can be grouped into PASHs with lower, similar and higher phosphorescence
intensities than fluorescence intensities.
Table 4.3 Comparison of Phosphorescence Intensities Relative to Fluorescence Intensities.
PASH
77K
4.2K
Benzo[b]naphtho[1,2-b] thiophene
Lower
Lower
Benzo[b]naphtho[2,1-b] thiophene
Similar
Similar
Benzo[b]naphtho[2,3-b] thiophene
Lower
Lower
Phenanthro[1,2-b] thiophene
Higher
Higher
Phenanthro[2,1-b] thiophene
Similar
Similar
Phenanthro[2,3-b] thiophene
Lower
Lower
Phenanthro[3,2-b] thiophene
Lower
Lower
Phenanthro[3,4-b] thiophene
Higher
Higher
Phenanthro[4,3-b] thiophene
Higher
Higher
Phenanthro[9,10-b] thiophene
Higher
Higher
a
Comparisons are based on visual inspection of peak intensities at maximum phosphorescence
and fluorescence wavelengths of spectra in Appendices A2 and A3. Lower = phosphorescence
intensity is lower than fluorescence intensity; Similar = phosphorescence intensity is similar to
fluorescence intensity; Higher = phosphorescence intensity is higher than fluorescence intensity.

Figures 4.10 - 4.12 show the molecular structures of the compounds included in each group.
There is no clear trend in the position of the sulfur atom that could help the analyst to predict the
relative intensities of fluorescence and phosphorescence at 77K and 4.2K. A better understanding
of the photoluminescence properties of PASHs requires additional experiments that are beyond
the scope of the present study. The measurement of quantum yields and lifetimes at RT, 77K and
4.2K should provide relevant information on the non-radiative and radiative rate constants that
govern the observation of fluorescence and phosphorescence from PASHs.
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Figure 4.10 Molecular structures of Benzonaphtho-thiophenes and Phenanthro-thiophenes with
lower phosphorescence intensities than fluorescence intensities at 77K and 4.2K.

Figure 4.11 Molecular structures of Benzonaphtho-thiophenes and Phenanthro-thiophenes with
similar phosphorescence and fluorescence intensities at 77K and 4.2K.
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Figure 4.12 Molecular structures of Benzonaphtho-thiophenes and Phenanthro-thiophenes with
higher phosphorescence intensities than fluorescence intensities at 77K and 4.2K.
4.4. Conclusion
The main significant aspect of the spectral information gathered in this chapter relates to
the choice of an appropriate photoluminescence technique for the analysis of three-ring and foursing PASHs. The lack of phosphorescence emission at RT, limits the analysis of Anthrathiophenes, Benzonaphtho-thiophenes and Phenanthro-thiophenes to fluorescence spectroscopy.
The same is true for the analysis of Anthra-thiophenes at 77K and 4.2K. The selectivity of
fluorescence spectroscopy could be improved by collecting EEM data formats with a commercial
spectrofluorimeter. Processing EEMs with second-order chemometric algorithms has proved
useful for the analysis of fluorophores under spectral and chemical interference.89 The selectivity
of RT and low-temperature fluorescence spectroscopy could be also improved by adding the
temporal dimension to fluorescence spectra. Unfortunately, the acquisition of WTMs and
TREEMs in the fluorescence time domain requires laser based instrumentation, which is not a
feasible option at the present time.
The emission of fluorescence and phosphorescence at 77K and 4.2K provides a wealth of
information for the analysis of Benzonaphtho-thiophenes and Phenanthro-thiophenes. If the
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availability of instrumentation is limited to a commercial spectrofluorimeter with steady-state and
time-resolve phosphorescence capabilities, possible strategies include steady-state EEMs with
fluorescence and phosphorescence spectral information, time-resolved phosphorescence spectra,
phosphorescence lifetimes and time-resolved phosphorescence EEMs.
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CHAPTER 5. TIME-RESOLVED PHOSPHOIMETERY OF
BENZONAPHTHO-THIOPHENS AND PHENANTHRO-YHIOPHENS
IN SHPOL’SKII MATRIXES
Time-resolved phosphorimetry provides the analyst with the possibility to timediscriminate spectral overlapping from fluorescence concomitants in the sample matrix. Time
discrimination is accomplished with a spectrofluorimeter equipped with a pulsed excitation source
and an electronic circuitry that provides gated detection; i.e. a phosphorimeter unit. Gated
detection refers to the ability of detector to be “off” during the duration of the excitation pulse
(excitation cycle) and “on” during the emission of phosphorescence (emission cycle). Figure 5.1
summarizes the sequence of events that occur during spectral acquisition with a gated
spectrometer.

Figure 5.1 Sequence of events for acquiring time-resolved phosphorescence spectra with a
commercial spectrofluorimeter. D = delay time; G = gate time or sample window; DTS =
data transfer and storage; TBP = time between pulses. Typical DTS values are 200-250ms.
B Blue trace indicates an excitation pulse; red traces indicate time durations of delay and
gate. Arrows indicate the sequential repetition of excitation and emission cycles.
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As shown in Figure 5.2, the choice of an appropriate delay time (D) should remove the
spectral contribution of both the excitation pulse and the fluorescence from the spectrum of the
sample. The choice of an appropriate gate time (G) should record the emission of the phosphor
during the sample window of the measurement. The choice of appropriate D and G times depends
on the FWHM of the excitation pulse, which is usually in s; the duration of both the fluorescence
(ns – s) and the phosphorescence (ms – s) decays. During the sample window of the
measurement, the analyst should attempt record most of the phosphorescence emission and avoid
the contribution of background noise. Since this condition is best accomplished with a G
approximately equal to 3 phosphorescence lifetimes, the appropriate choice of D and G requires
previous knowledge of phosphorescence decays.

Figure 5.2 Gate and delay times as a function of phosphorescence decay (dash line).
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The entire data sets of phosphorescence decays and phosphorescence lifetimes recorded
from the benzonaphtho-thiophenes and phenanthro-thiophenes are compiled in Appendices
D(77K) and E (4.2K) of this dissertation. All measurements were made at the maximum excitation
and phosphorescence wavelength of each compound from standard solutions with medium linear
concentrations. Excitation/emission band-passes were set at 4nm. Shpol’skii solvents were
selected according to Table 4.1. Origin software (version 5, Micronal Software, Inc.) was used for
curve fitting of phosphorescence decays. Fitted decay curves (y = y0 + A1exp-(t-t0)/t1) were obtained
by fixing x0 and y0 at a value of zero. All phosphorescence decays showed well-behaved single
exponential decays.
Tables 5.1 summarizes the 77K and 4.2K phosphorescence lifetimes of the studied
compounds. In some cases, the lifetimes at 4.2K were significantly shorter than the lifetimes at
77K (P = 95%; N1 = N2 = 3). The D values correspond to the delay times that remove completely
the fluorescence contribution of the compounds from their own time-resolved spectra. The G
values were experimentally determined by monitoring the time it took the phosphorescence signal
of each compound to reach the intensity of the background signal.

62

Table 5.1 Phosphorescence Lifetimes of Benzonaphtho-thiophenes and Phenanthro-thiophenes
in Shpol’skii Matrixes.
PASH
Db
Gc
77K Lifetimed 4.2K Lifetimed
Statistical
𝜆ex/ema
ms
ms
ms
ms
Equivalencee
(nm)
(texp)
BbN12T 262/513
0.2
3000
746.8 ± 56.3
741.9±18.1
Yes (0.1)
BbN21T 279/482
0.04
2000
935.3 ± 15.0
847.7±18.1
No (4.4)
BbN23T 276/563
0.04
1000
228.2 ± 2.8
221±4.8
Yes (2.3)
P12T
275/514
0.2
2000
1574.6±27.6
1565.1±15.8
Yes (0.7)
P21T
262/486
0.04
2000
753.3±21.7
658.8±34.9
Yes (2)
P23T
288/546
0.2
1000
206.3±27.9
137.2±4.7
No (15)
P32T
287/530
0.04
1000
344.1±17.4
317.2±4.3
Yes (2.7)
P34T
284/501
0.04
2000
1261.8±10.6
1255.6±7.1
Yes (0.8)
P43T
275/481
0.04
1000
1006.1±10.7
905.1±10
No (8)
P910T
262/482
0.04
1000
615.1±4.9
458.3±4.9
No (39)
a
Excitation (λexc) and emission (λem) wavelengths.
b
Delay time.
c
Gate time needed to reach background signal intensity.
d
Average phosphorescence lifetimes (N = 3) recorded at the maximum excitation (𝜆exc) and
emission (𝜆em) wavelengths.
e
tcritical = 2.78 (α = 0.05; N1 = N2 = 3).

The time (T) it takes to record a spectrum with a gated phosphorimeter depends on the
number of excitation pulses (NEP) per spectral data point, the time between pulses (TBP) and the
number of data points per spectrum (NDP); i.e. T = NEP x TBP x NDP. The number of excitation
pulses (NEP) depends on the phosphorescence quantum yield of the phosphor and the excitation
and emission band-passes of the spectrometer. In the case of Phenanthro[2,3-b] thiophene 10
excitation pulses per data point were sufficient to obtain satisfactory spectral intensities with 4nm
excitation and emission band-passes. Under optimum delay (0.04ms) and gate (G = 3 x 206.3ms
≈ 620ms) times, the time between pulses reaches an approximate value of 870ms; i.e. TBP = D +
G + DTS = 0.04ms + 620ms + 250ms = 870ms. Since a 1nm monochromator step was required to
reach acceptable vibrational resolution in both the excitation (200nm – 350nm) and the emission
(425nm – 700nm), a total of 425 data points was recorded; i.e. NDP = 150 excitation data points
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+ 275 emission data points = 425 data points. Under these parameters, the time it takes to record
one set of excitation and emission spectra from Phenanthro[2,3-b] thiophene is approximately one
hour; i.e. T = 10 x 870ms x 425 = 3,697,500ms = 3,607.5s = 61.6min.
Such a long time for recording a set of excitation and emission spectra is unpractical. A
gate reduction study was then conducted to reach a compromise between phosphorescence
intensity and recording time. All the other parameters were kept constant; i.e. 4nm excitation and
emission band-pass, 10 pulses per data point and 1nm monchromator steps. Figure 5.3 compares
the spectral intensities of Phenanthro[2,3-b] thiophene recorded under 620ms and 9ms gate times.
Although the phosphorescence intensity is drastically reduced with the shorter gate time, the time
to record one set of excitation and emission spectra dropped to approximately 18min; i.e. T = 10
x 259.04ms x 425 = 1,100,920ms = 1,100.9s =18.5min. As we will show in the next chapter of
this dissertation, a 9ms gate time provides sufficient phosphorescence intensity to reach limits of
detection at the parts-per-billion concentration level.
Figures 5.4 presents the time-resolved spectra of Benzo[b]naphtho[2,1-b] thiophene
(BbN21T), and Phenanthro[3,4-b] thiophene (P32T) at 77K and 4.2K. The application of a delay
after the excitation pulse removes the fluorescence contribution from the emission spectrum of the
PASH and, therefore, reduces the information content for qualitative analysis. As we will show in
chapter 7 of this dissertation, the main advantage of time-resolved phosphorimetry relates to the
analysis of samples with strong fluorescence interference. Appendices F and G compile the entire
set of 77K and 4.2K time-resolve phosphorescence spectra of Benzonaphtho-thiophenes and
Phenanthro-thiophenes.
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Figure 5.3 77K excitation and phosphorescence spectra recorded from a 5gmL-1 solution of
Phenanthro[2,3-b] thiophene in n-octane. Instrumental parameters were as follow: cutoff
filter with c = 310nm; excitation and emission band-pass = 4nm; delay = 0.04ms; number
of excitation pulses per data point=10 1 nm monochromator step; gate=620 ms (black trace)
or 9 ms (red trace).

Figure 5.4 Time-resolved phosphorescence spectra of Benzo[b]naphtho[2,1-b] thiophene
(BbN21T) and Phenanthro[3,4-b] thiophene(P32T) recorded from pure standard solutions
in n-octane. Spectra were recorded with a 0.04ms and 9ms delay and gate times,
respectively. The excitation and emission band-pass was 4nm.
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CHAPTER 6. ANALYTICAL FIGURES OF MERIT OF ANTHRATHIOPHENES, BENZONAPHTHO-THIOPHENES AND PHENANTHROTHIOPHENES
The analytical figures of merit of Anthra-thiophenes, Benzonaphtho-thiophenes and
Phenanthro-thiopenes were obtained under steady-state (CW lamp) and time-resolve (pulsed lamp)
conditions at RT, 77K and 4.2K. Calibration curves were built from serial dilutions of pure
standard solutions. Solvent selection for each PASH was made according to Table 4.1. All
measurements were made at the maximum excitation and emission wavelengths of each
compound. Each calibration curve was built with a minimum of five standard concentrations. For
each concentration plotted in the calibration graph, the signal intensity was the average of three
determinations taken from three sample aliquots (N = 3). No efforts were made to experimentally
obtain the upper concentration limit of the calibration curve. The best linear fitting for each plot
of experimental data points was obtained via the least squares method.90
The limits of detection (LOD) and the limits of quantitation (LOQ) were calculated using
the following equations:
LOD = 3 x SB/m

( 18 )

LOQ = 10 x SB/m

( 19 )

Where SB is the standard deviation of 16 blank determinations and m is the slope of the calibration
curve. The complete sets of calibration plots and AFOMs are shown in Appendices H (RT-CW
Lamp), I (77K-CW Lamp), J (4.2K-CW Lamp), K (77K-Pulsed Lamp) and L (4.2K-Pulsed Lamp)
of this dissertation.
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Table 6.1 summarizes the fluorescence LODs of Anthra-thiophenes recorded with the CW
lamp at RT, 77K and 4.2K. For each of the studied compounds, the slope of the calibration curves
(m) increase with lowering the temperature to 4.2K. The improvements in the slopes – which
reflect the fluorescence enhancements observed at lower temperatures – should have improved the
LODs at 77K and 4.2K. The lack of LOD improvements, however, can be attributed to the higher
YB values at 77K and 4.2K. The enhancements in the blank signals probably result from the
presence of unknown fluorescence impurities in the n-alkane solvents. Although HPLC grade
solvents were used for these studies, better LODs could have been obtained with further
purification of n-alkane solvents via distillation steps.56
Table 6.1 Fluorescence Analytical Figures of Merit of Anthra-thiophenes Recorded
with the CW Lamp.
Slopea
YBb
SBc
LODd
exc/em
(m)
(cps)
(cps) (ng.mL-1)
(nm)
A12T
RT
280/410
242
4,502
245
3
A12T
77K
288/388
4,386
28,319
5,165
3.5
A12T
4.2K
282/388
6,353
56,460
3,890
1.7
A21T
RT
284/404
720
3,285
207
0.8
A21T
77K
363/383
9,536
222,627 2,238
0.7
A21T
4.2K
363/383
18,780 258,187 3,101
0.5
A23T
RT
276/434
226
2,382
167
2
A23T
77K
280/441
35,067
88,683
7,728
0.6
A23T
4.2K
280/441 111,907 179,928 43,396
1
Note: A12T=Anthra[1,2-b] thiophene, A21T=Anthra[2,1-b] thiophene,
A23T=Anthra[2,3-b] thiophene.
a
Slope of calibration curve.
b
YB = average intensity of blank signal based on 16 determinations.
c
SB = standard deviation of average blank signal.
d
LOD = limit of detection calculated with equation (18). Slopes, YB and SB values.
were approximated to the nearest integer.
Compound

Temperature
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Similar considerations can be made for the LODs of Benzonaphtho-thiophenes and
Phenanthro-thiophenes. Independent of the temperature and the excitation source, i.e. CW or
pulsed lamp, fluorescence and phosphorescence measurements provided LODs at the low-partsper-billion level (ng.mL-1) for all the studied compounds (see Tables 6.2 – 6.7)
Table 6.2 Fluorescence Analytical Figures of Merit of Benzonaphtho-thiophenes
recorded with the CW Lamp.
Compound Temperature
exc/em
Slopea
YBb
SBc
LODd
(nm)
(m)
(cps)
(cps) (ng.mL-1)
BbN12T
RT
321/352
44
2,309
245
5
BbN12T
77K
323/353
765
5,3796 1,457
6
BbN12T
4.2K
324/353
1,470
68,161
900
2
BbN21T
RT
302/349
88
1,710
160
5
BbN21T
77K
304/350
4,515
4,0487 1,821
1
BbN21T
4.2K
304/350
6,107
60,497 2,481
1
BbN23T
RT
274/376
30
1,5162
545
50
BbN23T
77K
277/377
213
16,7410 3,886
50
BbN23T
4.2K
331/378
711
191,531 2,066
7
a
Slope of calibration curve.
b
YB = average intensity of blank signal based on 16 determinations.
c
SB = standard deviation of average blank signal.
d
LOD = limit of detection calculated with equation (18). Slopes, YB and SB values.
were approximated to the nearest integer.

Table 6.3 Phosphorescence Analytical Figures of Merit of Benzonaphtho-thiophenes
Recorded with the CW Lamp.
Compound

BbN12T
BbN12T
BbN21T
BbN21T
BbN23T
BbN23T

Temperature

exc/em
(nm)

Slopea
(m)

YBb
(cps)

SBc
(cps)

LODd
(ng.mL-1)

77K
4.2K
77K
4.2K
77K
4.2K

323/513
323/513
304/481
304/481
277/562
277/562

792
4,074
5,782
169
187
792

23,265
33,395
40,299
62,212
2,5871
42,552

1,457
900
1,821
2,481
3,886
2,066

3
3
0.9
0.7
17
10

a

Slope of calibration curve.
YB = average intensity of blank signal based on 16 determinations.
c
SB = standard deviation of average blank signal.
d
LOD = limit of detection calculated with equation (18). Slopes, YB and SB values.
were approximated to the nearest integer.
b
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Table 6.4 Phosphorescence Analytical Figures of Merit of Benzonaphtho-thiophenes
Recorded with the Pulsed Lamp.
Compound

BbN12T
BbN12T
BbN21T
BbN21T
BbN23T
BbN23T

Temperature

exc/em
(nm)

Slopea
(m)

YBb
(cps)

SBc
(cps)

LODd
(ng.mL-1)

77K
4.2K
77K
4.2K
77K
4.2K

262/513
262/513
279/482
279/482
276/562
276/562

9
34
23
16
6
9

559
523
449
732
480
731

13
20
27
28
25
15

7
4
3
2
12
5

Note: BbN12T=Benzo[b]naphtho[1,2-b] thiophene.
BbN21T=Benzo[b]naphtho[2,1-b] thiophene.
BbN23T=Benzo[b]naphtho[2,3-b] thiophene.
a
Slope of calibration curve.
b
YB = average intensity of blank signal based on 16 determinations.
c
SB = standard deviation of average blank signal.
d
LOD = limit of detection calculated with equation (18). Slopes, YB and SB values.
were approximated to the nearest integer.
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Table 6.5 Fluorescence Analytical Figures of Merit of Phenanthro-thiopenes
Recorded with the CW Lamp.
Compound

Temperature

exc/em
(nm)

Slopea
(m)

YBb
(cps)

SBc
(cps)

LODd
(ng.mL-1)

P12T
P12T
P12T
P21T
P21T
P21T
P23T
P23T
P23T
P32T
P32T
P32T
P34T
P34T
P34T
P43T
P43T
P43T
P910T
P910T
P910T

RT
77K
4.2K
RT
77K
4.2K
RT
77K
4.2K
RT
77K
4.2
RT
77K
4.2
RT
77K
4.2K
RT
77K
4.2K

275/380
277/381
277/381
320/383
320/374
321/374
284/368
339/390
339/390
283/372
287/373
287/373
279/367
281/362
281/362
317/363
322/361
322/361
291/363
313/370
313/370

14
767
874
87
481
714
85
1,215
1,672
132
5,189
7,864
28
176
217
18
664
1,195
21
556
781

447
2,8061
42,694
541
20,132
26,685
774
35,094
53,417
725
32,586
42,495
7,051
23602
28,910
5,441
12,6112
103,451
8,746
119,711
155,475

81
1,072
1008
87
474
539
58
881
1,969
77
2,278
794
359
351
521
355
3,640
2,522
364
923
3,669

17
4
3
3
3
2
2
2
4
2
1
0.3
36
6
7
57
16
6
49
5
15

Note: P12T=Phenanthro[1,2-b] thiophene.
P21T=Phenanthro[2,1-b] thiophene.
P23T=Phenanthro[2,3-b]thiophene.
P32T=Phenanthro[3,2-b]thiophene.
P34T=Phenanthro[3,4-b] thiophene.
P43T=Phenanthro[4,3-b] thiophene.
P910T=Phenanthro[9,10-b] thiophene.
a
Slope of calibration curve.
b
YB = average intensity of blank signal based on 16 determinations.
c
SB = standard deviation of average blank signal.
d
LOD = limit of detection calculated with equation (18). Slopes, YB and SB values.
were approximated to the nearest integer.
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Table 6.6 Phosphorescence Analytical Figures of Merit of Phenanthro-thiopenes
recorded with the CW Lamp.
Compound

Temperature

exc/em
(nm)

Slopea
(m)

P12T
P12T
P21T
P21T
P23T
P23T
P32T
P32T
P34T
P34T
P43T
P43T
P910T
P910T

77K
4.2K
77K
4.2K
77K
4.2K
77K
4.2
77K
4.2
77K
4.2K
77K
4.2K

277/475
277/475
320/486
320/486
339/546
339/546
287/529
287/529
281/501
281/501
322/480
322/480
313/482
313/482

1,614 39,487
1,849
54122
501
18,797
753
30,792
149
4,994
224
10,464
1,012 11,317
1,645 14,970
1,133 11,562
1,417 15,685
1,314 90,230
2,263 86,751
1,470 81,493
1,930 121,745

YBb
(cps)

SBc
(cps)

LODd
(ng.mL-1)

1,206
1036
219
589
245
371
394
476
439
465
2,469
1,671
1086
2,687

2
2
1
2
5
5
1
0.8
1
0.9
6
2
2
4

Note: P12T=Phenanthro[1,2-b] thiophene.
P21T=Phenanthro[2,1-b] thiophene.
P23T=Phenanthro[2,3-b]thiophene.
P32T=Phenanthro[3,2-b] thiophene.
P34T=Phenanthro[3,4-b] thiophene.
P43T=Phenanthro[4,3-b] thiophene.
P910T=Phenanthro[9,10-b] thiophene.
a
Slope of calibration curve.
b
YB = average intensity of blank signal based on 16 determinations.
c
SB = standard deviation of average blank signal.
d
LOD = limit of detection calculated with equation (18).
Slopes, YB and SB values.Were approximated to the nearest integer.
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Table 6.7 Phosphorescence Analytical Figures of Merit of Phenanthro-thiopenes Recorded
with the pulsed Lamp.
Compound

Temperature

exc/em
(nm)

Slopea
(m)

YBb
(cps)

SBc
(cps)

LODd
(ng.mL-1)

P12T
P12T
P21T
P21T
P23T
P23T
P32T
P32T
P34T
P34T
P43T
P43T
P910T
P910T

77K
4.2K
77K
4.2K
77K
4.2K
77K
4.2
77K
4.2
77K
4.2K
77K
4.2K

275/515
275/514
262/487
262/486
288/546
288/546
287/530
287/530
283/501
283/501
274/481
275/480
262/482
262/480

23
23
3
4
3
3
17
27
47
61
40
51
42
39

210
446
617
1007
191
238
233
314
1,171
1,388
1,392
2,170
1,882
7,209

12
15
22
36
18
19
17
33
32
47
58
28
23
116

2
2
25
29
21
16
3
4
2
2
4
2
2
9

a

Slope of calibration curve.
YB = average intensity of blank signal based on 16 determinations.
c
SB = standard deviation of average blank signal.
d
LOD = limit of detection calculated with equation (18). Slopes, YB and SB values.
Were approximated to the nearest integer.
b
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CHAPTER 7. ANALYSIS OF NPLC FRACTIONS VIA TIMERESOLVED PHOSPHORESCENCE SPECTROSCOPY AND PARALLEL
FACTOR ANALYSIS
Figure 7.1 presents the UV-VIS chromatogram obtained from the NPLC fractionation of
three SRM extracts obtained at NIST.41 According to subsequent GMC-MS analysis of NPLC
fractions, SRM 1597a contains 35 PASHs, 58 alkyl-PASHs, 154 PAHs and 165 methyl-PAHs. In
order to illustrate the potential of time-resolved phosphorescence spectroscopy for the analysis of
PASHs in NPLC fractions, we choose fraction 5 of SRM 1957a. In this fraction, 2 PASHs coelute, namely Benzo[b]naphtho[1,2-b] thiophene (BbN12T) and Benzo[b]naphtha[2,1-b]
thiophene (BbN21T), 2 PAHs (Fluoranthene and Acephenanthrene) and 5 methyl-PAHs (1Methylfluoranthene, 3-Methylfluorantene, 7-Methylfluoranthene, 8-Methylfluoranthene and 1Methylpyrene).
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Figure 7.1 UV-VIS NPLC chromatogram of SRM 1597a, SRM 1991 and SRM 1975 recorded at
NIST. Stationary phase = NH2 semi-prep column (Waters); Mobile phase = n-hexane/DCM
mixture (98/2 vol/vol).

The co-elution of BbN12T and BbN21T poses a difficult challenge to photoluminescence
spectroscopy. Figures 7.2 – 7.4 show the excitation and emission spectra of these two compounds
at RT, 77K and 4.2K. Independent of sample temperature and excitation source, the strong
overlapping of excitation and emission spectra compromises the accuracy of analysis on the bases
of spectral information. The phosphorescence decays of BbN12T and BbN21T at 77K and 4.2K
are shown in Figure 7.5. The overlapping of phosphorescence decays prevents any possible choice
of delays and gates for time-resolving spectral interference.
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Figure 7.2 RT excitation and fluorescence spectra of 200 ng.mL-1 BbN12T (red trace) and 200
ng.mL-1 BbN21T in n-octane. Spectra were recorded with the CW lamp using 2 nm
excitation and emission bandpass.

Figure 7.3 (A) 77K and (B) 4.2K excitation and fluorescence spectra of 200 ng.mL-1 BbN12T (red
trace) and 200 ng.mL-1 BbN21T in n-octane. Spectra were recorded with the CW lamp
using 2 nm excitation and emission bandpass.
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Figure 7.4 77K and (B) 4.2K excitation and fluorescence spectra of 200 ng.mL-1 BbN12T (red
trace) and 200 ng.mL-1 BbN21T in n-octane. Spectra were recorded with the pulsed lamp
using 4nm excitation and emission bandpass

Figure 7.5 (A) 77K and (B) 4.2K phosphorescence decays of 1000 ng.mL-1 BbN12T (red trace)
and 500 ng.mL-1 BbN21T in n-octane. Phosphorescence was recorded at the maximum
excitation and emission wavelengths of BbN12T (exc/em = 262/513nm) and BbN21T
(exc/em = 279/482nm). All decays were recorded with the pulsed lamp using 4 nm
excitation and emission bandpass.
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The advantage of using time-resolved spectroscopy for the analysis of fraction 5 is to
discriminate the fluorescence interference of the 2 co-eluting PAHs and the 5 co-eluting methylPAHs. Figures 7.6 to 7.8 show the spectral features of Fluoranthene, 1-Methylfluoranthene, 3Methylfluoranthene and 1-Methylpyrene in n-octane. No phosphorescence was observed from any
of the compounds at RT, 77K or 4.2K. Unfortunately, the lack of commercial standards prevented
us from investigating the fluorescence and phosphorescence properties of Acephenanthrene, 7Methylfluoranthene and 8-Methylfluoranthene.

Figure 7.6 RT excitation and fluorescence spectra of (A) 100 ng.mL-1 Fluoranthene, (B) 100
ng.mL-1 1-Methylfluoranthene, (C) 100 ng.mL-1 3-Methylfluoranthene and (D) 100 ng.mL1
1-Methylpyrene in n-octane. Spectra were recorded with the CW lamp using a 2 nm
excitation and emission bandpass.
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Figure 7.7 77K excitation and fluorescence spectra of (A) 100 ng.mL-1 Fluoranthene, (B) 100
ng.mL-1 1-Methylfluoranthene, (C) 100 ng.mL-1 3-Methylfluoranthene and (D) 100 ng.mL1
1-Methylpyrene in n-octane. Spectra were recorded with the CW lamp using a 2nm
excitation and emission bandpass.
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Figure 7.8 77K excitation and fluorescence spectra of (A) 100 ng.mL-1 Fluoranthene, (B) 100
ng.mL-1 1-Methylfluoranthene, (C) 100 ng.mL-1 3-Methylfluoranthene and (D) 100 ng.mL1
1-Methylpyrene in n-octane. Spectra were recorded with the CW lamp using a 2nm
excitation and emission bandpass.
Recent attempts in our lab to improve the selectivity of photoluminescence techniques have
combined

multidimensional

data

formats

to

multiway

deconvolution

methods.79-81

Multidimensional data formats include total synchronous fluorescence spectra, fluorescence
EEMs, fluorescence TREEMs and fluorescence time-resolved excitation-emission cubes
(TREEMs). Spectral deconvolutions have been achieved with parallel factor analysis
(PARAFAC), unfolded-partial least squares/residual bi-linearization (U-PLS/RBL) and unfoldedpartial least squares/residual tri-linearization (U-PLS/RTL).
The approach we present here is based on the collection of low-temperature time-resolved
phosphorescence EEMs. This data format is inherently different than TREEMs and TREECs.
Herein, the term “time-resolved” refers to the time-discrimination of fluorescence interference
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with the application of a fixed delay and gate time. Since all the EEMs are recorded with the same
delay and gate times, the temporal dimension does not contribute to the spectral deconvolution of
overlapped phosphorescence data.
Similar to steady-state EEMs, spectral deconvolution of phosphorescence EEMs was
carried out with the aid of PARAFAC. All algorithms were implemented in MATLAB 7.10.91A
useful interface for data input and parameters setting written by Olivieri et al92 was employed for
PARAFAC implementation.
Calibration experiments for qualitative purposes were performed with pure (individual)
standard solutions of BbN12T and BbN21T in n-octane containing each compound at parts-perbillion concentration level. Sample preparation for validation studies included the binary mixtures
in Table 7.1. In order to save fraction 5 for future quantitate studies, test samples solely consisted
of synthetic mixtures shown in Table 7.2.
Table 7.1 Binary Mixtures for PARAFAC Analysis.
Mixture

[BbN12T]
(ng.mL-1)

[BbN21T]
(ng.mL-1)

Mixture 1

300

700

Mixture 2

700

300

Mixture 3

500

500

Mixture 4

430

310
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Table 7.2 Synthetic Mixtures for PARAFAC Analysis.
Mixture
[BbN12T] [BbN21T] [Fluor] [1-Me Fluor]

[3-Me Fluor]

[1-Me Pyr]

ng mL-1

ng mL-1

ng mL-1

ng mL-1

ng mL-1

ng mL-1

Mixture5

200

200

100

100

100

50

Mixture 6

430

310

50

50

50

20

Note:
BbN12T=Benzo[b]naphtho[1,2-b]thiophene,
BbN21T=
Benzo[b]naphtho[2,1b]thiophene,Fluor= Fluoranthene, 1-Me Fluor=
1-Methylfluoranthene, 3-Me Fluor= 3Methylfluoranthene, 1-Me Pyre= 1-Methylpyrene

77K and 4.2K phosphorescence EEMs were recorded with a delay of 40s and a gate of
9ms using 4nm excitation and emission band-pass. The excitation range extended from 200 to
325nm and the emission range from 475 to 700nm. 10 pulses per data point were taken at 3nm
monchromator steps. Figure 7.9 and 7.10 summarize the results obtained with binary mixture 1 at
77K and 4.2K, respectively. The spectral profiles extracted with PARAFAC from the
phosphorescence EEMs visually match the experimental spectra recorded from pure standard
solutions of BbN21T and BbN12T. The visual similarities are confirmed with core consistency
values close to 100%.
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Figure 7.9 Summary of results obtained with PARAFAC for binary mixture 1 at 77K. BbN21T77K Phosphorescence and BbN12T-77K Phosphorescence correspond to 77K spectra
recorded from pure standard solutions of BbN21T and BbN12T in n-octane. BbN21TPARAFAC and BbN12T-PARAFAC correspond to spectral profiles extracted with
PARAFAC from the 77K Phosphorescence EEM of the binary mixture.

Figure 7.10 Summary of results obtained with PARAFAC for binary mixture 1 at 4.2K. BbN21T4.2K Phosphorescence and BbN12T- 4.2K Phosphorescence correspond to 4.2K spectra
recorded from pure standard solutions of BbN21T and BbN12T in n-octane. BbN21TPARAFAC and BbN12T-PARAFAC correspond to spectral profiles extracted with
PARAFAC from the 4.2K Phosphorescence EEM of the binary mixture.
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Similar results were obtained in the presence of co-eluting PAHs and methyl-PAHs. Figure
7.11 and 7.12 summarize the results obtained with synthetic mixture 5 at 77K and 4.2K,
respectively.

Figure 7.11 Summary of results obtained with PARAFAC for synthetic mixture 5 at 77K.
BbN21T- 77K Phosphorescence and BbN12T- 77K Phosphorescence correspond to 77K
spectra recorded from pure standard solutions of BbN21T and BbN12T in n-octane.
BbN21T-PARAFAC and BbN12T-PARAFAC correspond to spectral profiles extracted
with PARAFAC from the 77K Phosphorescence EEM of the synthetic mixture.
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Figure 7.12 Summary of results obtained with PARAFAC for synthetic mixture 5 at 4.2K.
BbN21T- 4.2K Phosphorescence and BbN12T- 4.2K Phosphorescence correspond to 4.2K
spectra recorded from pure standard solutions of BbN21T and BbN12T in n-octane.
BbN21T-PARAFAC and BbN12T-PARAFAC correspond to spectral profiles extracted
with PARAFAC from the 4.2K Phosphorescence EEM of the synthetic mixture.
Core consistencies of approximately 100% were also obtained with binary mixtures 2-4
and synthetic mixture 6. All the results obtained with PARAFAC are summarized in Appendix M
of this dissertation. The accurate prediction of BbN21T and BbN12T spectra provides strong
evidence on the capability of PARAFAC to handle strong overlapping of phosphorescence spectra
and phosphorescence time decays. Future studies will expand the application of this approach to
the qualitative and quantitative analysis of Benzonaphtho-thiophenes and Phenanthro-thiophenes
in NPLC fractions of SRMs.
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CHAPTER 8. OVERALL CONCLUSION AND FUTURE WORK

The dispersion of harmful oil components into the environment poses long term risks to
flora and fauna. Crude oil samples of higher boiling points and low biodegradability increase the
concentrations of aromatic components such as PAHs, PASHs, and their alkyl derivatives. The
identification of these compounds in environmental samples is of extreme importance due to their
highly potential carcinogenic and mutagenic characteristics. Due to the complexity of oil
contaminated sites the unambiguous identification and quantitation of PAHs, PASHs, and their
alkyl derivatives often requires the sequence of HPLC and GC-MS. Additional challenges in the
identification of these compounds arise from multiple structural isomers having similar GPLC and
GC retention times as well as identical mass fragmentation patterns.
This dissertation investigated an alternative approach for the analysis of PASHs isomers of
MW 234 g mol-1 based on photoluminescence spectroscopy. Analyses were performed at RT, 77K
and 4.2K with the aid of a cryogenic FOP and a commercial spectrofluorimeter equipped with a
CW lamp for steady-state measurements and a pulsed lamp for time-resolved measurements in the
phosphorescence time domain. According to their parent PAH, PASHs isomers of MW 234 g mol1

were divided into Anthra-thiophenes, Benzonaphtho-thiophenes and Phenanthro-thiophenes.
The lack of phosphorescence emission at RT, limits the analysis of Anthra-thiophenes,

Benzonaphtho-thiophenes and Phenanthro-thiophenes to fluorescence spectroscopy. The same is
true for the analysis of Anthra-thiophenes at 77K and 4.2K. The emission of fluorescence and
phosphorescence at 77K and 4.2K provides a wealth of information for the analysis of
Benzonaphtho-thiophenes and Phenanthro-thiophenes. Independent of the measuring temperature
and the excitation source, i.e. CW or pulsed lamp, fluorescence and phosphorescence
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measurements provided LODs at the low-parts-per-billion level (ng.mL-1) for all the studied
compounds.
The main advantage of time-resolved phosphorimetry over steady-state fluorimetry relates to
the analysis of Benzonaphtho-thiophenes and Phenanthro-thiophenes in the presence of strong
fluorescence interference. The potential of time-resolved phosphorimetry was demonstrated for
the analysis of Benzo[b]naphtho[1,2-b] thiophene (BbN12T) and Benzo[b]naphtho[2,1-b]
thiophene (BbN21T) in NPLC fractions. Time-discrimination of co-eluting fluorescence
interference was accomplished with the choice of appropriate delay and gate times. The strong
overlapping BbN12T and BbN21T present in the wavelength and time domains was resolved with
PARAFAC and the collection of phosphorescence EEMs at 77K and 4.2K.
The analysis of PASHs via 77K and 4.2K LETRSS will require the existence of reference
databases with excitation, fluorescence and phosphorescence spectra, and fluorescence and
phosphorescence lifetimes. The spectral and lifetime databases compiled in this dissertation have
paved the road to explore the full dimensionality of photoluminescence spectroscopy.
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APPENDIX A: STEADY STATE ROOM-TEMERATURE SPECTRA OF
ANTHRA-THIOPHENES, BENZONAPHTHO-THIOPHENES, AND
PHENANTHRO-THIOPHENES RECORDED WITH THE CW LAMP
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Figure A-1: Room temperature steady state excitation and emission spectra of 100 ng mL-1
Anthra[1,2-b] thiophene in n-octane. Spectra were recorded using a cut-off filter with C = 310
nm; Excitation and emission band-pass = 2nm.

Figure A-2: Room temperature steady state excitation and emission spectra of 150 ng mL-1
Anthra[2,1-b] thiophene in n-octane. Spectra were recorded using a cut-off filter with C = 310
nm; Excitation and emission band-pass = 2nm.
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Figure A-3: Room temperature steady state excitation and emission spectra of 150 ng mL-1
Anthra[2,3-b] thiophene in n-nonane. Spectra were recorded using a cut-off filter with C = 310
nm; Excitation and emission band-pass = 2nm

Figure A-4: Room temperature steady state excitation and emission spectra of 625 ng mL-1
Benzo[b]naphtho[1,2-b] thiophene in n-octane. Excitation and emission band-pass = 2nm
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Figure A-5: Room temperature steady state excitation and emission spectra of 625 ng mL-1
Benzo[b]naphtho[2,1-b] thiophene in n-octane. Spectra were recorded using a cut-off filter with
C = 310 nm; Excitation and emission band-pass = 2nm

Figure A-6: Room temperature steady state excitation and emission spectra of 375 ng mL-1
Benzo[b]naphtho[2,3-b] thiophene in n-nonane. Spectra were recorded using a cut-off filter with
C = 310 nm; Excitation and emission band-pass = 2nm
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Figure A-7: Room temperature steady state excitation and emission spectra of 625 ng mL-1
Phenanthro[1,2-b] thiophene in n-octane. Spectra were recorded using a cut-off filter with C =
355 nm; Excitation and emission band-pass = 2nm

Figure A-8: Room temperature steady state excitation and emission spectra of 625 ng mL-1
Phenanthro[2,1-b] thiophene in n-octane. Spectra were recorded using a cut-off filter with C =
355 nm; Excitation and emission band-pass = 2nm
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Figure A-9: Room temperature steady state excitation and emission spectra of 625 ng mL-1
Phenanthro[2,3-b] thiophene in n-octane. Spectra were recorded using a cut-off filter with C =
310 nm; Excitation and emission band-pass = 2nm

Figure A-10: Room temperature steady state excitation and emission spectra of 312 ng mL-1
Phenanthro[3,2-b] thiophene in n-octane. Spectra were recorded using a cut-off filter with C =
310 nm; Excitation and emission band-pass = 2nm
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Figure A-11: Room temperature steady state excitation and emission spectra of 500 ng mL-1
Phenanthro[3,4-b] thiophene in n-heptane. Spectra were recorded using a cut-off filter with C =
310 nm; Excitation and emission band-pass = 2nm

Figure A-12: Room temperature steady state excitation and emission spectra of 500 ng mL-1
Phenanthro[4,3-b] thiophene in n-heptane. Excitation and emission band-pass = 2nm
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Figure A-13: Room temperature steady state excitation and emission spectra of 500 ng mL-1
Phenanthro[9,10-b] thiophene in n-heptane. Excitation and emission band-pass = 2nm
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APPENDIX B: STEADY STATE 77K SPECTRA OF ANTHRATHIOPHENES, BENZONAPHTHO-THIOPHENES, AND PHENANTHROTHIOPHENES RECORDED WITH THE CW LAMP
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Figure B-1: 77K steady state excitation and emission spectra of 100 ng mL-1 Anthra[1,2b] thiophene in n-octane. Spectra were recorded using a cut-off filter with C = 310 nm; Excitation
and emission band-pass = 2nm.

Figure B-2: 77K steady state excitation and emission spectra of 37.5 ng mL-1 Anthra[2,1-b]
thiophene in n-octane. Excitation and emission band-pass = 2nm.
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Figure B-3: 77K steady state excitation and emission spectra of 7.5 ng mL-1 Anthra[2,3-b]
thiophene in n-nonane. Spectra were recorded using a cut-off filter with C = 310 nm; Excitation
and emission band-pass = 2nm.

Figure B-4: 77K steady state excitation and emission spectra of 100 ng mL-1
Benzo[b]naphtho[1,2-b] thiophene in n-octane. Spectra were recorded using a cut-off
filter with C = 310 nm; Excitation and emission band-pass = 2nm.
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Figure B-5: 77K steady state excitation and emission spectra of 50 ng mL-1Benzo[b]naphtho[2,1b] thiophene in n-octane. Spectra were recorded using a cut-off filter with C = 310 nm;
Excitation and emission band-pass = 2nm.

Figure B-6: 77K steady state excitation and emission spectra of 50 ng mL-1Benzo[b]naphtho[2,3b] thiophene in n-nonane. Spectra were recorded using a cut-off filter with C = 310 nm;
Excitation and emission band-pass = 2nm.
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Figure B-7: 77K steady state excitation and emission spectra of 150 ng mL-1 Phenanthro[1,2-b]
thiophene in n-octane. Spectra were recorded using a cut-off filter with C = 335 nm;
Excitation and emission band-pass = 2nm.

Figure B-8: 77K steady state excitation and emission spectra of 250 ng mL-1 Phenanthro[2,1-b]
thiophene in n-octane. Spectra were recorded using a cut-off filter with C = 335 nm;
Excitation and emission band-pass = 2nm.

99

Figure B-9: 77K steady state excitation and emission spectra of 400 ng mL-1 Phenanthro[2,3-b]
thiophene in n-octane. Excitation and emission band-pass = 2nm.

Figure B-10: 77K steady state excitation and emission spectra of 100 ng mL-1 Phenanthro[3,2-b]
thiophene in n-octane. Spectra were recorded using a cut-off filter with C = 310 nm; Excitation
and emission band-pass = 2nm.
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Figure B-11: 77K steady state excitation and emission spectra of 150 ng mL-1 Phenanthro[3,4-b]
thiophene in n-heptane. Spectra were recorded using a cut-off filter with C = 310 nm; Excitation
and emission band-pass = 2nm.

Figure B-12: 77K steady state excitation and emission spectra of 150 ng mL-1 Phenanthro[4,3-b]
thiophene in n-heptane. Excitation and emission band-pass = 2nm.
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Figure B-13: 77K steady state excitation and emission spectra of 250 ng mL-1 Phenanthro[9,10b] thiophene in n-heptane. Excitation and emission band-pass = 2nm.
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APPENDIX C: STEADY- STATE 4.2K SPECTRA OF ANTHRATHIOPHENES, BENZONAPHTHO-THIOPHENES, AND PHENANTHROTHIOPHENES RECORDED WITH THE CW LAMP

103

Figure C-1: 4.2K steady state excitation and emission spectra of 100 ng mL-1 Anthra[1,2-b]
thiophene in n-octane. Spectra were recorded using a cut-off filter with C = 310 nm;
Excitation and emission band-pass = 2nm.

Figure C-2: 4.2K steady state excitation and emission spectra of 25 ng mL-1 Anthra[2,1-b]
thiophene in n-octane. Excitation and emission band-pass = 2nm.
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Figure C-3: 4.2K steady state excitation and emission spectra of 6 ng mL-1 Anthra[2,3-b]
thiophene in n-nonane. Spectra were recorded using a cut-off filter with C = 310 nm;
Excitation and emission band-pass = 2nm.

Figure C-4: 4.2K steady state excitation and emission spectra of 100 ng mL-1
Benzo[b]naphtho[1,2-b] thiophene in n-octane. Spectra were recorded using a cut-off
filter with C = 310 nm; Excitation and emission band-pass = 2nm.

105

Figure C-5: 4.2K steady state excitation and emission spectra of 50 ng mL-1
Benzo[b]naphtho[2,1-b] thiophene in n-octane. Spectra were recorded using a cut-off
filter with C = 310 nm; Excitation and emission band-pass = 2nm.

Figure C-6: 4.2K steady state excitation and emission spectra of 500 ng mL-1
Benzo[b]naphtho[2,3-b] thiophene in n-nonane. Excitation and emission band-pass = 2nm.
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Figure C-7: 4.2K steady state excitation and emission spectra of 100 ng mL-1 Phenanthro[1,2-b]
thiophene in n-octane. Spectra were recorded using a cut-off filter with C = 335 nm;
Excitation and emission band-pass = 2nm.

Figure C-8: 4.2K steady state excitation and emission spectra of 150 ng mL-1 Phenanthro[2,1-b]
thiophene in n-octane. Spectra were recorded using a cut-off filter with C = 335 nm;
Excitation and emission band-pass = 2nm.
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Figure C-9: 4.2K steady state excitation and emission spectra of 400 ng mL-1 Phenanthro[2,3-b]
thiophene in n-octane. Excitation and emission band-pass = 2nm.

Figure C-10: 4.2K steady state excitation and emission spectra of 100 ng mL-1 Phenanthro[3,2-b]
thiophene in n-octane. Spectra were recorded using a cut-off filter with C = 310 nm;
Excitation and emission band-pass = 2nm.
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Figure C-11: 4.2K steady state excitation and emission spectra of 150 ng mL-1 Phenanthro[3,4-b]
thiophene in n-heptane. Spectra were recorded using a cut-off filter with C = 310 nm;
Excitation and emission band-pass = 2nm.

Figure C-12: 4.2K steady state excitation and emission spectra of 150 ng mL-1 Phenanthro[4,3-b]
thiophene in n-heptane. Excitation and emission band-pass = 2nm.
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Figure C-13: 4.2K steady state excitation and emission spectra of 250 ng mL-1 Phenanthro[9,10b] thiophene in n-heptane. Excitation and emission band-pass = 2nm.
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APPENDIX D: 77K PHOSPHORESCENCE DECAY CURVE OF
BENZONAPHTHO-THIOPHENES AND PHENANTHRO-THIOPHENES
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Figure D-1: 77K phosphorescence decay curve of Benzo[b]naphtho[1,2-b] thiophene in
n-octane.

Figure D-2: 77K phosphorescence decay curve of Benzo[b]naphtho[2,1-b] thiophene in
n-octane.
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Figure D-3: 77K phosphorescence decay curve of Benzo[b]naphtho[2,3-b] thiophene in
n-nonane.

Figure D-4: 77K phosphorescence decay curve of Phenanthro[1,2-b] thiophene in noctane.
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Figure D-5: 77K phosphorescence decay curve of Phenanthro[2,1-b] thiophene in noctane

Figure D-6: 77K phosphorescence decay curve of Phenanthro[2,3-b] thiophene in noctane
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Figure D-7: 77K phosphorescence decay curve of Phenanthro[3,2-b] thiophene in noctane

Figure D-8: 77K phosphorescence decay curve of Phenanthro[3,4-b] thiophene in nheptane.
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Figure D-9: 77K phosphorescence decay curve of Phenanthro[4,3-b] thiophene in nheptane

Figure D-10: 77K phosphorescence decay curve of Phenanthro[9,10-b] thiophene in nheptane
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APPENDIX E: 4.2K PHOSPHORESCENCE DECAY CURVE OF
BENZONAPHTHO-THIOPHENES AND PHENANTHRO-THIOPHENES
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Figure E-1: 4.2K phosphorescence decay curve of Benzo[b]naphtho[1,2-b] thiophene in
n-octane.

Figure E-2: 4.2K phosphorescence decay curve of Benzo[b]naphtho[2,1-b] thiophene in
n-octane
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Figure E-3: 4.2K phosphorescence decay curve of Benzo[b]naphtho[2,3-b] thiophene in
n-nonane.

Figure E-4: 4.2K phosphorescence decay curve of Phenanthro[1,2-b] thiophene in noctane.
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Figure E-5: 4.2K phosphorescence decay curve of Phenanthro[2,1-b] thiophene in noctane

Figure E-6: 4.2K phosphorescence decay curve of Phenanthro[2,3-b] thiophene in noctane
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Figure E-7: 4.2K phosphorescence decay curve of Phenanthro[3,2-b] thiophene in noctane

Figure E-8: 4.2K phosphorescence decay curve of Phenanthro[3,4-b] thiophene in nheptane.
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Figure E-9: 4.2K phosphorescence decay curve of Phenanthro[4,3-b] thiophene in nheptane.

Figure E-10: 4.2K phosphorescence decay curve of Phenanthro[9,10-b] thiophene in nheptane.
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APPENDIX F: TIME-RESOLVED PHOSPHORESCENCE SPECTRA OF
BENZONAPHTHO-THIOPHENES AND PHENANTHRO-THIOPHENES
RECOREDED WITH THE PULSED LAMP AT 77K
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Figure F-1: 77K excitation and phosphorescence spectra recorded from 150 ng mL-1
Benzo[b]naphtho[1,2-b] thiophene in n-octane, cutoff filter with c = 310nm, excitation and
emission band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10
monochromator step= 1 step, gate = 9ms.

Figure F-2: 77K excitation and phosphorescence spectra recorded from 500 ng mL-1
Benzo[b]naphtho[2,1-b] thiophene in n-octane, cutoff filter with c = 310nm, excitation and
emission band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10
monochromator step= 1 step, gate = 9ms.
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Figure F-3: 77K excitation and phosphorescence spectra recorded from 250 ng mL-1
Benzo[b]naphtho[2,3-b] thiophene in n-nonane, cutoff filter with c = 310nm, excitation and
emission band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10
monochromator step= 1 step, gate = 9ms.

Figure F-4: 77K excitation and phosphorescence spectra recorded from 250 ng mL-1
Phenanthro[1,2-b] thiophene in n-octane, cutoff filter with c = 310nm, excitation and emission
band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10 monochromator
step= 1 step, gate = 9ms.
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Figure F-5: 77K excitation and phosphorescence spectra recorded from 1000 ng mL-1
Phenanthro[2,1-b] thiophene in n-octane, cutoff filter with c = 310nm, excitation and emission
band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10 monochromator
step= 1 step, gate = 9ms.

Figure F-6: 77K excitation and phosphorescence spectra recorded from 350 ng mL-1
Phenanthro[2,3-b] thiophene in n-octane, cutoff filter with c = 310nm, excitation and emission
band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10 monochromator
step= 1 step, gate = 9ms.
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Figure F-7: 77K excitation and phosphorescence spectra recorded from 150 ng mL-1
Phenanthro[3,2-b] thiophene in n-octane, cutoff filter with c = 310nm, excitation and emission
band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10 monochromator
step= 1 step, gate = 9ms.

Figure F-8: 77K excitation and phosphorescence spectra recorded from 150 ng mL-1
Phenanthro[3,4-b] thiophene in n-heptane, cutoff filter with c = 310nm, excitation and emission
band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10 monochromator
step= 1 step, gate = 9ms.
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Figure F-9: 77K excitation and phosphorescence spectra recorded from 100 ng mL-1
Phenanthro[4,3-b] thiophene in n-heptane, cutoff filter with c = 310nm, excitation and emission
band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10 monochromator
step= 1 step, gate = 9ms.

Figure F-10: 77K excitation and phosphorescence spectra recorded from 150 ng mL-1
Phenanthro[9,10-b] thiophene in n-heptane, cutoff filter with c = 310nm, excitation and emission
band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10 monochromator
step= 1 step, gate = 9ms.
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APPENDIX G: TIME-RESOLVED PHOSPHORESCENCE SPECTRA OF
BENZONAPHTHO-THIOPHENES AND PHENANTHRO-THIOPHENES
RECOREDE WITH THE PULSED LAMP AT 4.2K
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Figure G-1: 4.2K excitation and phosphorescence spectra recorded from 150 ng mL-1
Benzo[b]naphtho[1,2-b] thiophene in n-octane, cutoff filter with c = 310nm, excitation and
emission band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10
monochromator step= 1 step, gate = 9ms.

Figure G-2: 4.2K excitation and phosphorescence spectra recorded from 500 ng mL-1
Benzo[b]naphtho[2,1-b] thiophene in n-octane, cutoff filter with c = 310nm, excitation and
emission band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10
monochromator step= 1 step, gate = 9ms.
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Figure G-3: 4.2K excitation and phosphorescence spectra recorded from 250 ng mL-1
Benzo[b]naphtho[2,3-b] thiophene in n-nonane, cutoff filter with c = 310nm, excitation and
emission band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10
monochromator step= 1 step, gate = 9ms.

Figure G-4: 4.2K excitation and phosphorescence spectra recorded from 250 ng mL-1
Phenanthro[1,2-b] thiophene in n-octane, cutoff filter with c = 310nm, excitation and emission
band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10, monochromator
step= 1 step, gate = 9ms.
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Figure G-5: 4.2K excitation and phosphorescence spectra recorded from 1000 ng mL-1
Phenanthro[2,1-b] thiophene in n-octane, cutoff filter with c = 310nm, excitation and emission
band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10, monochromator
step= 1 step, gate = 9ms.

Figure G-6: 4.2K excitation and phosphorescence spectra recorded from 350 ng mL-1
Phenanthro[2,3-b] thiophene in n-octane, cutoff filter with c = 310nm, excitation and emission
band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10, monochromator
step= 1 step, gate = 9ms.
.
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Figure G-7: 4.2K excitation and phosphorescence spectra recorded from 150 ng mL-1
Phenanthro[3,2-b] thiophene in n-octane, cutoff filter with c = 310nm, excitation and emission
band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10, monochromator
step= 1 step, gate = 9ms.

Figure G-8: 4.2K excitation and phosphorescence spectra recorded from 150ng mL-1
Phenanthro[3,4-b] thiophene in n- heptane, cutoff filter with c = 310nm, excitation and emission
band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point = 10, monochromator
step= 1 step, gate = 9ms.
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Figure G-9: 4.2K excitation and phosphorescence spectra recorded from 100ng mL-1
Phenanthro[4,3-b] thiophene in n-heptane, cutoff filter with c = 310nm, excitation and
emission band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point =
10, monochromator step= 1 step, gate = 9ms.

Figure G-10: 4.2K excitation and phosphorescence spectra recorded from 150ng mL-1
Phenanthro[9,10-b] thiophene in n-heptane, cutoff filter with c = 310nm, excitation and
emission band-pass= 4 nm, delay= 0.04 ms, number of excitation pulses per data point =
10, monochromator step= 1 step, gate = 9ms
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APPENDIX H: CALIBRATION CURVES AND ANALYTICAL FIGURES
OF MERIT OF ANTHRA-THIOPHENES, BENZONAPHTHOTHIOPHENES, AND PHENENTHRO-THIOPHENES RECORDED
WITH THE CW LAMP AT ROOM-TEMEPRATURE
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Figure H-1: Steady-state calibration curve of Anthra[1,2-b] thiophene in n-octane. Measurements
were made at room temperature using maximum excitation (280nm) and emission (410nm)
wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C = 310nm.

Figure H-2: Steady-state calibration curve of Anthra[2,1-b] thiophene in n-octane. Measurements
were made at room temperature using maximum excitation (284nm) and emission (404nm)
wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C = 310nm.
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Figure H-3: Steady-state calibration curve of Anthra[2,3-b] thiophene in n-nonane. Measurements
were made at room temperature using maximum excitation (276nm) and emission (434nm)
wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C = 310nm.

Figure H-4: Steady-state calibration curve Benzo[b]naphtho[1,2-b] thiophene in n-octane.
Measurements were made at room temperature using maximum excitation (321nm) and
emission (352nm) wavelengths; excitation and emission bandpass = 2nm.
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Figure H-5: Steady-state calibration curve Benzo[b]naphtho[2,1-b] thiophene in n-octane.
Measurements were made at room temperature using maximum excitation (302nm) and
emission (349nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter
with C = 310nm.

Figure H-6: Steady-state calibration curve Benzo[b]naphtho[2,3-b] thiophene in n-nonane.
Measurements were made at room temperature using maximum excitation (274nm) and
emission (376nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter
with C = 310nm.
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Figure H-7: Steady-state calibration curve Phenanthro[1,2-b] thiophene in n-octane.
Measurements were made at room temperature using maximum excitation (275nm) and
emission (380nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter
with C = 355nm.

Figure H-8: Steady-state calibration curve Phenanthro[2,1-b] thiophene in n-octane.
Measurements were made at room temperature using maximum excitation (320nm) and
emission (383nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter
with C = 355nm.
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Figure H-9: Steady-state calibration curve Phenanthro[2,3-b] thiophene in n-octane.
Measurements were made at room temperature using maximum excitation (284nm) and
emission (368nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter
with C = 310nm.

Figure H-10: Steady-state calibration curve Phenanthro[3,2-b] thiophene in n-octane.
Measurements were made at room temperature using maximum excitation (283nm) and emission
(372nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C = 310nm.
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Figure H-11: Steady-state calibration curve Phenanthro[3,4-b] thiophene in n-heptane.
Measurements were made at room temperature using maximum excitation (279nm) and emission
(367nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C = 310nm.

Figure H-12: Steady-state calibration curve Phenanthro[4,3-b] thiophene in n-heptane.
Measurements were made at room temperature using maximum excitation (317nm) and emission
(363nm) wavelengths; excitation and emission bandpass = 2nm.

141

Figure H-13: Steady-state calibration curve Phenanthro[9,10-b] thiophene in n-heptane.
Measurements were made at room temperature using maximum excitation (219nm) and emission
(363nm) wavelengths; excitation and emission bandpass = 2nm.
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Table H-1: Room temperature AFOM of PASHs recorded with CW lamp.
PASH

ex/ema
(nm)

LDRb
(ng ml-1)

R2c

RSDd
(%)

Linear equation

LOQe
LODf
-1
(ng ml ) (ng ml-1)

280/410 10-350 0.9960 1.8 Y=242.5X+7,545
10
3
284/404
3-350
0.9992 2.5 Y=721X+18,321
3
0.8
276/434
7-350
0.9946
2
Y=226.2X+2,855
7
2
321/352 17-1250 0.9993 1.4 Y = 44.1X + 609
16.7
5
302/349 18-1250 0.9954 0.1 Y = 88.3X + 7,278
18
5.4
274/376 166-750 0.9905 0.6 Y=29.5X+18,546
166
50
275/380 58-1250 0.9923
1
Y = 13.9X + 1,417
58
17.5
320/383 10-1250 0.9955 0.4 Y = 87.3X + 5,359
9.9
2.9
284/368 7-1250 0.9947
1
Y = 84.8X + 8,633
6.8
2
283/372
6-313
0.9986 2.5 Y = 131.8X + 1,294
5.8
1.7
279/367 121-1000 0.9944 0.4 Y=27.5X+8,307
121
36
317/363 189-1000 0.9967 2.6 Y=18.2X+6,624
188
56
291/363 162-1000 0.9983 1.6 Y=20.9X+10,844
162
48
Note: A12T=Anthra[1,2-b]thiophene, A21T=Anthra[2,1-b]thiophene, A23T=Anthra[2,3b]thiophene,BbN12T=Benzo[b]naphtho[1,2-b]thiophene,BbN21T=Benzo[b]naphtho[2,1b]thiophene,BbN23T=Benzo[b]naphtho[12,3-b]thiophene,P12T=Phenanthro[1,2-b]thiophene,
P21T=Phenanthro [2,1-b]thiophene, P23T=Phenanthro [2,3-b]thiophene, P32T=Phenanthro
[3,2-b]thiophene,P34T=Phenanthro[3,4-b]thiophene,P43T=Phenanthro[4,3-b]thiophene,
P910T=Phenanthro [9,10-b]thiophene.
A12T
A21T
A23T
BbN12T
BbN21T
BbN23T
P12T
P21T
P23T
P32T
P34T
P43T
P910T

a

Excitation (λex) and emission (λem) wavelengths.
LDR = linear dynamic range in ng mL-1 extending from the limit of quantification (LOQ)
to an arbitrarily chosen upper linear concentration.
c
R = correlation coefficient.
d
Relative standard deviation (RSD) = SF/IF x 100, where SF is the standard deviation of
the average calculated from three emission measurements at medium linear PASH concentrations.
e
LOQs were calculated using LOQ = 10SB/m.
f
LODs were calculated using LOD = 3SB/m, where SB is the standard deviation of 16 blank
measurements and m is the slope of the calibration curve.
b
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APPENDIX I: CALIBRATION CURVES AND ANALYTICAL FIGURES
OF MERIT OF ANTHRA-THIOPHENES, BENZONAPHTHOTHIOPHENES, AND PHENENTHRO-THIOPHENES RECORDED
WITH THE CW LAMP AT 77K
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Figure I-1: Steady-state calibration curve of Anthra[1,2-b] thiophene in n-octane.
Measurements were made at 77K temperature using maximum excitation (282nm) and
emission (388nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter
with C = 310nm.

Figure I-2: Steady-state calibration curve of Anthra[2,1-b] thiophene in n-octane. Measurements
were made at 77K temperature using maximum excitation (363nm) and emission
(383nm) wavelengths; excitation and emission bandpass = 2nm.
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Figure I-3: Steady-state calibration curve of Anthra[2,3-b] thiophene in n-nonane. Measurements
were made at 77K temperature using maximum excitation (380nm) and emission (441nm)
wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C = 310nm.

Figure I-4: Steady-state calibration curve of Benzo[b]naphtho[1,2-b] thiophene in n-octane.
Measurements were made at 77K temperature using maximum excitation (323nm) and
emission (353nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter
with C = 310nm.
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Figure I-5: Steady-state calibration curve of Benzo[b]naphtho[2,1-b] thiophene in n-octane.
Measurements were made at 77K temperature using maximum excitation (304nm) and
emission (350nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter
with C = 310nm.

Figure I-6: Steady-state calibration curve of Benzo[b]naphtho[2,3-b] thiophene in n-nonane.
Measurements were made at 77K temperature using maximum excitation (277nm) and
emission (377nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter
with C = 310nm.
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Figure I-7: Steady-state calibration curve of Phenanthro[1,2-b] thiophene in n-octane.
Measurements were made at 77K temperature using maximum excitation (277nm) and
emission (381nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter
with C = 335nm.

Figure I-8: Steady-state calibration curve of Phenanthro[2,1-b] thiophene in n-octane.
Measurements were made at 77K temperature using maximum excitation (320nm) and emission
(374nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C = 335nm.
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Figure I-9: Steady-state calibration curve of Phenanthro[2,3-b] thiophene in n-octane.
Measurements were made at 77K temperature using maximum excitation (339nm) and emission
(390nm) wavelengths; excitation and emission bandpass= 2nm.

Figure I-10: Steady-state calibration curve of Phenanthro[3,2-b] thiophene in n-octane.
Measurements were made at 77K temperature using maximum excitation (287nm) and emission
(373nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C = 335nm.
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Figure I-11: Steady-state calibration curve of Phenanthro[3,4-b] thiophene in n-heptane.
Measurements were made at 77K temperature using maximum excitation (281nm) and emission
(362nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C = 310nm.

Figure I-12: Steady-state calibration curve of Phenanthro[4,3-b] thiophene in n-heptane.
Measurements were made at 77K temperature using maximum excitation (322nm) and emission
(361nm) wavelengths; excitation and emission bandpass = 2nm.
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Figure I-13: Steady-state calibration curve of Phenanthro[9,10-b] thiophene in n-heptane.
Measurements were made at 77K temperature using maximum excitation (313nm) and emission
(370nm) wavelengths; excitation and emission bandpass = 2nm.

Table I-1: 77K Fluorescence AFOM recorded with CW lamp.
PASH

A12T
A21T
A23T
BbN12T
BbN21T
BbN23T
P12T
P21T
P23T
P32T
P34T
P43T
P910T

ex/ema
(nm)

LDRb
(ng ml-1)

R2c

282/388 11-350
0.9961
363/383
2-100
0.9939
280/441
2-15
0.9824
323/353 18-250 0.9972
304/350
4-100
0.9940
277/377 166-1000 0.9969
277/381 14-250 0.9948
320/374 9.5-500 0.9966
339/390 7-1000 0.9872
287/373
4-250
0.9911
281/362 19-500 0.9963
322/361 54-500 0.9916
313/370 17-500 0.9848

RSDd
(%)

Linear equation

LOQe
(ng ml-1)

LODf
(ng ml-1)

3
12.9
2
8.7
0.49
9
0.25
0.7
0.47
0.58
1
11
0.85

Y=4,386X+49,102
Y=9,536X+376,060
Y=35,067X+113,313
Y=765X+67,154
Y=4,516 X+61,689
Y=213X+193,413
Y=767X+21,277
Y=482X+35,835
Y=1,215X+59,932
Y=5,189X+127,551
Y=176X+31,977
Y=6641X+133,583
Y=556X+112,119

11
2
2
18
4
166
14
9.5
7
4
19
54
17

3.5
0.6
0.6
5.5
1
50
4
3
2
1
5.6
16
5

151

Figure I-4-2: Phosphorescence steady-state calibration curve of Benzo[b]naphtho[1,2-b]
thiophene in n-octane. Measurements were made at 77K temperature using maximum
excitation (323nm) and emission (513nm) wavelengths; excitation and emission bandpass
= 2nm. Cut-off filter with C = 310nm.

Figure I-5-2: Phosphorescence steady-state calibration curve of Benzo[b]naphtho[2,1-b]
thiophene in n-octane. Measurements were made at 77K temperature using maximum
excitation (304nm) and emission (481nm) wavelengths; excitation and emission bandpass
= 2nm. Cut-off filter with C = 310nm.
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Figure I-6-2: Phosphorescence steady-state calibration curve of Benzo[b]naphtho[2,3-b]
thiophene in n-nonane. Measurements were made at 77K temperature using maximum
excitation (277nm) and emission (562nm) wavelengths; excitation and emission bandpass
= 2nm. Cut-off filter with C = 310nm.

Figure I-7-2: Phosphorescence steady-state calibration curve of Phenanthro[1,2-b] thiophene in
n-octane. Measurements were made at 77K temperature using maximum excitation
(277nm) and emission (475nm) wavelengths; excitation and emission bandpass = 2nm.
Cut-off filter with C = 335nm.
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Figure I-8-2: Phosphorescence steady-state calibration curve of Phenanthro[2,1-b] thiophene in
n-octane. Measurements were made at 77K temperature using maximum excitation (320nm) and
emission (486nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C =
335nm

Figure I-9-2: Phosphorescence steady-state calibration curve of Phenanthro[2,3-b] thiophene in
n-octane. Measurements were made at 77K temperature using maximum excitation (339nm) and
emission (546nm) wavelengths; excitation and emission bandpass= 2nm.
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Figure I-10-2: Phosphorescence steady-state calibration curve of Phenanthro[3,2-b] thiophene in
n-octane. Measurements were made at 77K temperature using maximum excitation (287nm) and
emission (529nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C =
335nm.

Figure I-11-2: Phosphorescence steady-state calibration curve of Phenanthro[3,4-b] thiophene in
n-heptane. Measurements were made at 77K temperature using maximum excitation (281nm) and
emission (501nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C =
310nm
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Figure I-12-2: Phosphorescence steady-state calibration curve of Phenanthro[4,3-b] thiophene in
n-heptane. Measurements were made at 77K temperature using maximum excitation (322nm) and
emission (480nm) wavelengths; excitation and emission bandpass = 2nm.

Figure I-13-2: Phosphorescence steady-state calibration curve of Phenanthro[9,10-b] thiophene
in n-heptane. Measurements were made at 77K temperature using maximum excitation (313nm)
and emission (482nm) wavelengths; excitation and emission bandpass = 2nm.
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Table I-2: 77K Phosphorescence AFOM recorded with CW lamp.
PASH

BbN12T
BbN21T
BbN23T
P12T
P21T
P23T
P32T
P34T
P43T
P910T

ex/ema
(nm)

LDRb
(ng ml-1)

323/513 11-250
304/481 3-100
277/562 58-1000
277/475 7.5-250
320/486 4-500
339/546 16-1000
287/529 4-250
281/501 4-500
322/480 18-500
313/482 7.5-500

R2c

RSDd
(%)

Linear equation

LOQe
(ng ml-1)

LODf
(ng ml-1)

0.9882
0.9992
0.9952
0.9946
0.9954
0.9867
0.9941
0.9966
0.9933
0.9955

7.6
0.6
4.8
0.7
0.2
1
0.7
0.5
9.8
0.8

Y=428x+33,692
Y=4,074X+46,401
Y=169X+47,382
Y=1,614X+35,901
Y=501X+31,602
Y=150X+7,005
Y=1,012Xx+24,714
Y=11,33X+52,172
Y=1,314X+117,141
Y=1,470X+56,767

11
3
58
7.5
4
16
4
4
18
7.5

3.4
0.9
17
2.3
1.3
4.8
1
1
5.5
2

Note: A12T=Anthra[1,2-b]thiophene, A21T=Anthra[2,1-b]thiophene, A23T=Anthra[2,3b]thiophene,BbN12T=Benzo[b]naphtho[1,2-b]thiophene,BbN21T=Benzo[b]naphtho[2,1b]thiophene,BbN23T=Benzo[b]naphtho[12,3-b]thiophene,P12T=Phenanthro[1,2-b]thiophene,
P21T=Phenanthro [2,1-b]thiophene, P23T=Phenanthro [2,3-b]thiophene, P32T=Phenanthro
[3,2-b]thiophene,P34T=Phenanthro[3,4-b]thiophene,P43T=Phenanthro[4,3-b]thiophene,
P910T=Phenanthro [9,10-b]thiophene.
a

Excitation (λex) and emission (λem) wavelengths.
LDR = linear dynamic range in ng mL-1 extending from the limit of quantification (LOQ)
to an arbitrarily chosen upper linear concentration.
c
R = correlation coefficient.
d
Relative standard deviation (RSD) = SF/IF x 100, where SF is the standard deviation of
the average calculated from three emission measurements at medium linear PASH concentrations.
e
LOQs were calculated using LOQ = 10SB/m.
f
LODs were calculated using LOD = 3SB/m, where SB is the standard deviation of 16 blank
measurements and m is the slope of the calibration curve.
b
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APPENDIX J: CALIBRATION CURVES AND ANALYTICAL FIGURS OF
MERIT OF ANTHRA-THIOPHENES, BENZONAPHTHO-THIOPHENES,
AND PHENENTHRO-THIOPHENES RECORDED WITH CW LAMP AT
4.2K
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Figure J-1: Steady-state calibration curve of Anthra[1,2-b] thiophene in n-octane.
Measurements were made at 4.2K temperature using maximum excitation (282nm) and emission
(388nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C = 310nm.

Figure J-2: Steady-state calibration curve of Anthra[2,1-b] thiophene in n-octane. Measurements
were made at 4.2K temperature using maximum excitation (363nm) and emission
(383nm) wavelengths; excitation and emission bandpass = 2nm.
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Figure J-3: Steady-state calibration curve of Anthra[2,3-b] thiophene in n-nonane.
Measurements were made at 4.2K temperature using maximum excitation (280nm) and
emission (441nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter
with C = 310nm.

Figure J-4: Steady-state calibration curve of Benzo[b]naphtho[1,2-b] thiophene in noctane. Measurements were made at 4.2K temperature using maximum excitation (324nm) and
emission (353nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C =
310nm.
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Figure J-5: Steady-state calibration curve of Benzo[b]naphtho[2,1-b] thiophene in noctane. Measurements were made at 4.2K temperature using maximum excitation (304nm) and
emission (350nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C =
310nm.

Figure J-6: Steady-state calibration curve of Benzo[b]naphtho[2,3-b] thiophene in nnonane. Measurements were made at 4.2K temperature using maximum excitation (331nm) and
emission (378nm) wavelengths; excitation and emission bandpass = 2nm.
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Figure J-7: Steady-state calibration curve of Phenanthro[1,2-b] thiophene in n-octane.
Measurements were made at 4.2K temperature using maximum excitation (277nm) and emission
(381nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C = 335nm.

Figure J-8: Steady-state calibration curve of Phenanthro[2,1-b] thiophene in n-octane.
Measurements were made at 4.2K temperature using maximum excitation (321nm) and emission
(374nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C = 335nm.

162

Figure J-9: Steady-state calibration curve of Phenanthro[2,3-b] thiophene in n-octane.
Measurements were made at 4.2K temperature using maximum excitation (339nm) and emission
(390nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C = 335nm.

Figure J-10: Steady-state calibration curve of Phenanthro[3,2-b] thiophene in n-octane.
Measurements were made at 4.2K temperature using maximum excitation (287nm) and emission
(373nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C = 310nm.
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Figure J-11: Steady-state calibration curve of Phenanthro[3,4-b] thiophene in n-heptane.
Measurements were made at 4.2K temperature using maximum excitation (281nm) and emission
(362nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off filter with C = 310nm.

Figure J-12: Steady-state calibration curve of Phenanthro[4,3-b] thiophene in n-heptane.
Measurements were made at 4.2K temperature using maximum excitation (322nm) and emission
(361nm) wavelengths; excitation and emission bandpass = 2nm.
.
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Figure J-13: Steady-state calibration curve of Phenanthro[9,10-b] thiophene in n-heptane.
Measurements were made at 4.2K temperature using maximum excitation (313nm) and emission
(370nm) wavelengths; excitation and emission bandpass = 2nm.

Table J-1: 4.2K Fluorescence AFOM recorded with CW lamp.
PASH

A12T
A21T
A23T
BbN12T
BbN21T
BbN23T
P12T
P21T
P23T
P32T
P34T
P43T
P910T

ex/ema
(nm)

LDRb
(ng ml-1)

R2c

282/388 5.6-250 0.9991
363/383 1.5-75 0.9938
280/441 3.5-10 0.9931
324/353
6-250
0.9897
304/350
4-100
0.9917
331/377 25.6-750 0.9826
277/381 11.5-250 0.9860
321/374
7-500
0.9947
339/390 12-1000 0.9929
287/373 0.98-250 0.9969
281/362 24-500 0.9897
322/361 20-500 0.9950
313/370 50-500 0.9932

RSDd
(%)

Linear equation

LOQe
(ng ml-1)

LODf
(ng ml-1)

1
2
13
9.5
1.6
1
2.7
2.5
3
2.6
1.5
0.64
0.38

Y=6,353X+178,646
Y=18,780X+333,069
Y=111,907X+292,379
Y=1,471X+63,896
Y=6,107X+86,112
Y=711X+279,259
Y=874X+41,687
Y=714X+33,870
Y=1,672X+28,233
Y=7,864X+113,206
Y=217X+33,288
Y=1,195X+169,383
Y=781X+117,965

5.6
1.5
3.5
6
4
25.6
11.5
7
12
0.98
24
20
50

1.7
0.4
1
1.8
1.2
7.6
3.4
2.2
3.5
0.3
7
5.9
14.9
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Figure J-4-2: Phosphorescence steady-state calibration curve of Benzo[b]naphtho[1,2-b]
thiophene in n-octane. Measurements were made at 4.2K temperature using maximum excitation
(324nm) and emission (513nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off
filter with C = 310nm.

Figure J-5-2: Phosphorescence steady-state calibration curve of Benzo[b]naphtho[2,1-b]
thiophene in n-octane. Measurements were made at 4.2K temperature using maximum excitation
(304nm) and emission (481nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off
filter with C = 310nm.
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Figure J-6-2: Phosphorescence steady-state calibration curve of Benzo[b]naphtho[2,3-b]
thiophene in n-nonane. Measurements were made at 4.2K temperature using maximum excitation
(331nm) and emission (562nm) wavelengths; excitation and emission bandpass = 2nm.

Figure J-7-2: Phosphorescence steady-state calibration curve of Phenanthro[1,2-b]
thiophene in n-octane. Measurements were made at 4.2K temperature using maximum excitation
(277nm) and emission (475nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off
filter with C = 335nm.
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Figure J-8-2: Phosphorescence steady-state calibration curve of Phenanthro[2,1-b]
thiophene in n-octane. Measurements were made at 4.2K temperature using maximum excitation
(321nm) and emission (486nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off
filter with C = 335nm.

Figure J-9-2: Phosphorescence steady-state calibration curve of Phenanthro[2,3-b]
thiophene in n-octane. Measurements were made at 4.2K temperature using maximum excitation
(339nm) and emission (546nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off
filter with C = 335nm.
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Figure J-10-2: Phosphorescence steady-state calibration curve of Phenanthro[3,2-b]
thiophene in n-octane. Measurements were made at 4.2K temperature using maximum excitation
(287nm) and emission (529nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off
filter with C = 310nm.

Figure J-11-2: Phosphorescence steady-state calibration curve of Phenanthro[3,4-b]
thiophene in n-heptane. Measurements were made at 4.2K temperature using maximum excitation
(281nm) and emission (501nm) wavelengths; excitation and emission bandpass = 2nm. Cut-off
filter with C = 310nm.
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Figure J-12-2: Phosphorescence steady-state calibration curve of Phenanthro[4,3-b]
thiophene in n-heptane. Measurements were made at 4.2K temperature using maximum excitation
(322nm) and emission (480nm) wavelengths; excitation and emission bandpass = 2nm.

Figure J-13-2: Phosphorescence steady-state calibration curve of Phenanthro[9,10-b]
thiophene in n-heptane. Measurements were made at 4.2K temperature using maximum excitation
(313nm) and emission (482nm) wavelengths; excitation and emission bandpass = 2nm.
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Table J-2: 4.2K Phosphorescence AFOM recorded with CW lamp.
PASH

ex/ema
(nm)

LDRb
(ng ml-1)

R2c

RSDd
(%)

Linear equation

LOQe
(ng ml-1)

LODf
(ng ml-1)

BbN12T 323/513 9.5-250 0.9923
0.5 Y=793X+36,145
9.5
2.8
BbN21T 304/481 2.4-100 0.9934
0.8 Y=5,783X+86,465
2.4
0.7
BbN23T 277/562 33-750 0.9697 1.68 Y=187X+52,540
33
9.8
P12T
277/475 5.5-250 0.9899 2.25 Y=1,849X+63,710
5.5
1.6
P21T
320/486 7.7-500 0.9948 1.11 Y=753X+36,708
7.7
2
P23T
339/546 17-1000 0.9927
0.7 Y=224X+1,141
17
5
P32T
287/529 2.8-250 0.9953
1.4 Y=1,645X+21,855
2.8
0.86
P34T
281/501 3-500
0.9906
1
Y=1,418X+49,801
3
0.96
P43T
322/480 7-500
0.9960 0.65 Y=2,263X+167,071
7
2
P910T
313/482 14-500 0.9970 0.79 Y=1,930X+66,579
14
4
Note: A12T=Anthra[1,2-b]thiophene, A21T=Anthra[2,1-b]thiophene, A23T=Anthra[2,3b]thiophene,BbN12T=Benzo[b]naphtho[1,2-b]thiophene,BbN21T=Benzo[b]naphtho[2,1b]thiophene,BbN23T=Benzo[b]naphtho[12,3-b]thiophene,P12T=Phenanthro[1,2-b]thiophene,
P21T=Phenanthro [2,1-b]thiophene, P23T=Phenanthro [2,3-b]thiophene, P32T=Phenanthro
[3,2-b]thiophene,P34T=Phenanthro[3,4-b]thiophene,P43T=Phenanthro[4,3-b]thiophene,
P910T=Phenanthro [9,10-b]thiophene.
a

Excitation (λex) and emission (λem) wavelengths.
LDR = linear dynamic range in ng mL-1 extending from the limit of quantification (LOQ)
to an arbitrarily chosen upper linear concentration.
c
R = correlation coefficient.
d
Relative standard deviation (RSD) = SF/IF x 100, where SF is the standard deviation of
the average calculated from three emission measurements at medium linear PASH concentrations.
e
LOQs were calculated using LOQ = 10SB/m.
f
LODs were calculated using LOD = 3SB/m, where SB is the standard deviation of 16 blank
measurements and m is the slope of the calibration curve.
b
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APPENDIX K: CALIBRATION CURVES AND ANALYTICAL FIGURS
OF MERIT OF BENZONAPHTHO-THIOPHENES AND PHENENTHROTHIOPHENES RECORDED WITH PULSED LAMP AT 77K
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Figure K-1: Calibration curve of Benzo[b]naphtho[1,2-b] thiophene in n-octane.
Measurements were made at 77K temperature using maximum excitation (262nm) and emission
(513nm) wavelengths; excitation and emission bandpass = 4nm. delay= 0.2 ms, number of
excitation pulses per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with
C = 310nm.

Figure K-2: Calibration curve of Benzo[b]naphtho[2,1-b] thiophene in n-octane.
Measurements were made at 77K temperature using maximum excitation (279nm) and emission
(482nm) wavelengths; excitation and emission bandpass = 4nm. delay= 0.04 ms, number of
excitation pulses per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with
C = 310nm.
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Figure K-3: Calibration curve of Benzo[b]naphtho[2,3-b] thiophene in n-nonane.
Measurements were made at 77K temperature using maximum excitation (276nm) and emission
(562nm) wavelengths; excitation and emission bandpass = 4nm. delay= 0.04 ms, number of
excitation pulses per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with
C = 310nm.

Figure K-4: Calibration curve of Phenanthro[1,2-b] thiophene in n-octane. Measurements
were made at 77K temperature using maximum excitation (275nm) and emission (515nm)
wavelengths; excitation and emission bandpass = 4nm. delay= 0.2 ms, number of excitation pulses
per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with C = 310nm.
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Figure K-5: Calibration curve of Phenanthro[2,1-b] thiophene in n-octane. Measurements
were made at 77K temperature using maximum excitation (262nm) and emission (487nm)
wavelengths; excitation and emission bandpass = 4nm. delay= 0.04 ms, number of excitation
pulses per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with C = 310nm.

Figure K-6: Calibration curve of Phenanthro[2,3-b] thiophene in n-octane. Measurements
were made at 77K temperature using maximum excitation (288nm) and emission (546nm)
wavelengths; excitation and emission bandpass = 4nm. delay= 0.2 ms, number of excitation pulses
per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with C = 310nm.
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Figure K-7: Calibration curve of Phenanthro[3,2-b] thiophene in n-octane. Measurements
were made at 77K temperature using maximum excitation (287nm) and emission (530nm)
wavelengths; excitation and emission bandpass = 4nm. delay= 0.04 ms, number of excitation
pulses per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with C = 310nm.

Figure K-8: Calibration curve of Phenanthro[3,4-b] thiophene in n-heptane.
Measurements were made at 77K temperature using maximum excitation (283nm) and emission
(501nm) wavelengths; excitation and emission bandpass = 4nm. delay= 0.04 ms, number of
excitation pulses per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with
C = 310nm.
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Figure K-9: Calibration curve of Phenanthro[4,3-b] thiophene in n-heptane.
Measurements were made at 77K temperature using maximum excitation (274nm) and emission
(481nm) wavelengths; excitation and emission bandpass = 4nm. delay= 0.04 ms, number of
excitation pulses per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with
C = 310nm.

Figure K-10: Calibration curve of Phenanthro[9,10-b] thiophene in n-heptane.
Measurements were made at 77K temperature using maximum excitation (262nm) and emission
(482nm) wavelengths; excitation and emission bandpass = 4nm. delay= 0.04 ms, number of
excitation pulses per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with
C = 310nm.
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Table K-1: 77K Phosphorescence AFOM recorded with pulsed lamp.
PASH

ex/ema
(nm)

LDRb
(ng ml-1)

R2c

RSDd
(%)

Linear equation

LOQe
(ng ml-1)

LODf
(ng ml-1)

BbN12T 262/513
22-500
0.9827 0.9 Y=9.7X+43.9
22
6.6
BbN21T 279/482 10.8-1000 0.9963 0.15 Y=23X+2,600
10.8
3
BbN23T 276/562
40-500
0.9981
4
Y=6X+538
40
12
P12T
275/515
5-500
0.9993
4
Y=23.6X+167
5
1.5
P21T
262/487 81.9-2500 0.9873 7.5 Y=2.5X+1,002
81.9
24.5
P23T
288/546
71-750
0.9994
5
Y=2.5X+147
71
21
P32T
287/530 10.5-500 0.9904 0.6 Y=16.6X+134
10.5
3
P34T
283/501
6.7-500
0.9983 0.26 Y=47.6X+4,459
6.7
2
P43T
274/481
14-250
0.9849 0.79 Y=39.9X+1,919
14
4
P910T
262/482
5.7-500
0.9895 2.9 Y=41.6x+1,257
5.7
1.7
Note: A12T=Anthra[1,2-b]thiophene, A21T=Anthra[2,1-b]thiophene, A23T=Anthra[2,3b]thiophene,BbN12T=Benzo[b]naphtho[1,2-b]thiophene,BbN21T=Benzo[b]naphtho[2,1b]thiophene,BbN23T=Benzo[b]naphtho[12,3-b]thiophene,P12T=Phenanthro[1,2-b]thiophene,
P21T=Phenanthro [2,1-b]thiophene, P23T=Phenanthro [2,3-b]thiophene, P32T=Phenanthro[3,2b]thiophene,P34T=Phenanthro[3,4-b]thiophene,P43T=Phenanthro[4,3-b]thiophene,
P910T=Phenanthro [9,10-b]thiophene.
a

Excitation (λex) and emission (λem) wavelengths.
LDR = linear dynamic range in ng mL-1 extending from the limit of quantification (LOQ) to an
arbitrarily chosen upper linear concentration.
c
R = correlation coefficient.
d
Relative standard deviation (RSD) = SF/IF x 100, where SF is the standard deviation of the average
calculated from three emission measurements at medium linear PASH concentrations.
e
LOQs were calculated using LOQ = 10SB/m.
f
LODs were calculated using LOD = 3SB/m, where SB is the standard deviation of 16 blank
measurements and m is the slope of the calibration curve.
b
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APPENDIX L: CALIBRATION CURVES AND ANALYTICAL FIGURS
OF MERIT OF BENZONAPHTHO-THIOPHENES AND PHENENTHROTHIOPHENES RECORDED WITH PULSED LAMP AT 4.2K
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Figure L-1: Calibration curve of Benzo[b]naphtho[1,2-b] thiophene in n-octane.
Measurements were made at 4.2K temperature using maximum excitation (262nm) and emission
(513nm) wavelengths; excitation and emission bandpass = 4nm. delay= 0.2 ms, number of
excitation pulses per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with
C = 310nm.

Figure L-2: Calibration curve of Benzo[b]naphtho[2,1-b] thiophene in n-octane.
Measurements were made at 4.2K temperature using maximum excitation (279nm) and emission
(482nm) wavelengths; excitation and emission bandpass = 4nm. delay= 0.04 ms, number of
excitation pulses per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with
C = 310nm.
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Figure L-3: Calibration curve of Benzo[b]naphtho[2,3-b] thiophene in n-nonane.
Measurements were made at 4.2K temperature using maximum excitation (276nm) and emission
(562nm) wavelengths; excitation and emission bandpass = 4nm. delay= 0.04 ms, number of
excitation pulses per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with
C = 310nm.

Figure L-4: Calibration curve of Phenanthro[1,2-b] thiophene in n-octane. Measurements were
made at 4.2K temperature using maximum excitation (275nm) and emission (514nm)
wavelengths; excitation and emission bandpass = 4nm. delay= 0.2 ms, number of excitation pulses
per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with C = 310nm
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Figure L-5: Calibration curve of Phenanthro[2,1-b] thiophene in n-octane. Measurements
were made at 4.2K temperature using maximum excitation (262nm) and emission (486nm)
wavelengths; excitation and emission bandpass = 4nm. delay= 0.04 ms, number of excitation
pulses per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with C = 310nm.

Figure L-6: Calibration curve of Phenanthro[2,3-b] thiophene in n-octane. Measurements
were made at 4.2K temperature using maximum excitation (288nm) and emission (546nm)
wavelengths; excitation and emission bandpass = 4nm. delay= 0.2 ms, number of excitation pulses
per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with C = 310nm.

182

Figure L-7: Calibration curve of Phenanthro[3,2-b] thiophene in n-octane. Measurements were
made at 4.2K temperature using maximum excitation (287nm) and emission (530nm)
wavelengths; excitation and emission bandpass = 4nm. delay= 0.04 ms, number of excitation
pulses per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with C = 310nm

Figure L-8: Calibration curve of Phenanthro[3,4-b] thiophene in n-heptane. Measurements were
made at 4.2K temperature using maximum excitation (284nm) and emission (501nm)
wavelengths; excitation and emission bandpass = 4nm. delay= 0.04 ms, number of excitation
pulses per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with C = 310nm
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Figure L-9: Calibration curve of Phenanthro[4,3-b] thiophene in n-heptane. Measurements
were made at 4.2K temperature using maximum excitation (275nm) and emission (480nm)
wavelengths; excitation and emission bandpass = 4nm. delay= 0.04 ms, number of excitation
pulses per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with C = 310nm.

Figure L-10: Calibration curve of Phenanthro[9,10-b] thiophene in n-heptane. Measurements
were made at 4.2K temperature using maximum excitation (262nm) and emission (480nm)
wavelengths; excitation and emission bandpass = 4nm. delay= 0.04 ms, number of excitation
pulses per data point = 10 monochromator step= 1 step, gate = 9ms Cut-off filter with C = 310nm.
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Table L-1: 4.2K Phosphorescence AFOM recorded with pulsed lamp.
PASH

ex/ema
(nm)

LDRb
(ng ml-1)

R2c

RSDd
(%)

Linear equation

LOQe
(ng ml-1)

LODf
(ng ml-1)

BbN12T 262/513 12.8-500 0.9980 2.6 Y=33.7X+4,132
12.8
3.8
BbN21T 279/482 7.8-1000 0.9932 0.9 Y=15.7X+545
7.8
2
BbN23T 276/562 17.5-500 0.9957
1
Y=9.2X+260
17.5
5
P12T
275/514
6-1000
0.9965
1
Y=23.2X+1,060
6
1.8
P21T
262/486 95-2500 0.9991
2
Y=3.7X+1,216
95
28.6
P23T
288/546 54.7-750 0.9863 1.5 Y=3.4X+233
54.7
16
P32T
287/530 11.8-500 0.9878 2.6 Y=27.6X+678
11.8
3.5
P34T
284/501
7.8-500
0.9866
1
Y=61.1X+6,032
7.8
2.3
P43T
275/480
5-250
0.9951 0.56 Y=50.5X+3,453
5
1.5
P910T
262/480 30.5-500 0.9854 0.5 Y=39.2X+6,191
30.5
9
Note: A12T=Anthra[1,2-b]thiophene, A21T=Anthra[2,1-b]thiophene, A23T=Anthra[2,3b]thiophene,BbN12T=Benzo[b]naphtho[1,2-b]thiophene,BbN21T=Benzo[b]naphtho[2,1b]thiophene,BbN23T=Benzo[b]naphtho[12,3-b]thiophene,P12T=Phenanthro[1,2-b]thiophene,
P21T=Phenanthro [2,1-b]thiophene, P23T=Phenanthro [2,3-b]thiophene, P32T=Phenanthro [3,2b]thiophene,P34T=Phenanthro[3,4-b]thiophene,P43T=Phenanthro[4,3-b]thiophene,
P910T=Phenanthro [9,10-b]thiophene.
a

Excitation (λex) and emission (λem) wavelengths.
LDR = linear dynamic range in ng mL-1 extending from the limit of quantification (LOQ) to an
arbitrarily chosen upper linear concentration.
c
R = correlation coefficient.
d
Relative standard deviation (RSD) = SF/IF x 100, where SF is the standard deviation of the average
calculated from three emission measurements at medium linear PASH concentrations.
e
LOQs were calculated using LOQ = 10SB/m.
f
LODs were calculated using LOD = 3SB/m, where SB is the standard deviation of 16 blank
measurements and m is the slope of the calibration curve.
b

185

APPENDIX M: LOW-TEMPERATURE TIME-RESOLVED
PHOSPHORESCENCE EEMs WITH PARAFAC ANALYSIS
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Figure M-1: Summary of results obtained with PARAFAC for binary mixture 2 at 77K. BbN21T77K Phosphorescence and BbN12T-77K Phosphorescence correspond to 77K spectra recorded
from pure standard solutions of BbN21T and BbN12T in n-octane. BbN21T-PARAFAC and
BbN12T-PARAFAC correspond to spectral profiles extracted with PARAFAC from the 77K
Phosphorescence EEM of the binary mixture.

Figure M-2: Summary of results obtained with PARAFAC for binary mixture 3 at 77K. BbN21T77K Phosphorescence and BbN12T-77K Phosphorescence correspond to 77K spectra recorded
from pure standard solutions of BbN21T and BbN12T in n-octane. BbN21T-PARAFAC and
BbN12T-PARAFAC correspond to spectral profiles extracted with PARAFAC from the 77K
Phosphorescence EEM of the binary mixture.
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Figure M-3: Summary of results obtained with PARAFAC for binary mixture 4 at 77K. BbN21T77K Phosphorescence and BbN12T-77K Phosphorescence correspond to 77K spectra recorded
from pure standard solutions of BbN21T and BbN12T in n-octane. BbN21T-PARAFAC and
BbN12T-PARAFAC correspond to spectral profiles extracted with PARAFAC from the 77K
Phosphorescence EEM of the binary mixture.

Figure AM-4: Summary of results obtained with PARAFAC for synthetic mixture 6 at 77K.
BbN21T- 77K Phosphorescence and BbN12T- 77K Phosphorescence correspond to 77K spectra
recorded from pure standard solutions of BbN21T and BbN12T in n-octane. BbN21T-PARAFAC
and BbN12T-PARAFAC correspond to spectral profiles extracted with PARAFAC from the 77K
Phosphorescence EEM of the synthetic mixture.
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Figure M-5: Summary of results obtained with PARAFAC for binary mixture 2 at 4.2K. BbN21T4.2K Phosphorescence and BbN12T-4.2K Phosphorescence correspond to 4.2K spectra recorded
from pure standard solutions of BbN21T and BbN12T in n-octane. BbN21T-PARAFAC and
BbN12T-PARAFAC correspond to spectral profiles extracted with PARAFAC from the 4.2K
Phosphorescence EEM of the binary mixture.

Figure M-6: Summary of results obtained with PARAFAC for binary mixture 3 at 4.2K. BbN21T4.2K Phosphorescence and BbN12T-4.2K Phosphorescence correspond to 4.2K spectra recorded
from pure standard solutions of BbN21T and BbN12T in n-octane. BbN21T-PARAFAC and
BbN12T-PARAFAC correspond to spectral profiles extracted with PARAFAC from the 4.2K
Phosphorescence EEM of the binary mixture.
189

Figure M-7: Summary of results obtained with PARAFAC for binary mixture 4 at 4.2K. BbN21T4.2K Phosphorescence and BbN12T-4.2K Phosphorescence correspond to 4.2K spectra recorded
from pure standard solutions of BbN21T and BbN12T in n-octane. BbN21T-PARAFAC and
BbN12T-PARAFAC correspond to spectral profiles extracted with PARAFAC from the 4.2K
Phosphorescence EEM of the binary mixture.

Figure M-8: Summary of results obtained with PARAFAC for synthetic mixture 6 at 4.2K.
BbN21T- 4.2K Phosphorescence and BbN12T- 4.2K Phosphorescence correspond to 4.2K spectra
recorded from pure standard solutions of BbN21T and BbN12T in n-octane. BbN21T-PARAFAC
and BbN12T-PARAFAC correspond to spectral profiles extracted with PARAFAC from the 4.2K
Phosphorescence EEM of the binary mixture.
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